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Transmission-line analysis has been employed to derive closed-form eigen-admittance 
expressions that can be used to predict the scattering coefficients of symmetrical six-
port microstrip couplers which may be implemented in a diversity of structural forms. 
The compilation of these analytical formulas forms the basis of the computer model 
that is embedded within the design optimization software which is based on Genetic 
Algorithm. The wide range of add-on design options that are available (including the 
central star and/or second ring in various combinations with linear tapers and/or step 
transformers) provides greater flexibility in the optimization search for symmetrical 
six-port microstrip couplers that are suitable for selected applications. Laboratory 
measurements have confirmed that the resulting six-port prototypes meet the design 
specifications over bandwidths of 49% for six-port reflectometer application, 36% for 
five-way power division/combination application and 6% for three-way crossover 
application.  
The experience gained during the analysis and design of the six-port crossover has 
proven to be useful during the follow-up extension to analyze and design a four-port 
crossover. With its reduced structural complexity, the resulting four-port prototype is 
able to yield a measured bandwidth of 20% that is wider than that of its six-port 
counterpart.  
In addition, the first-order analysis performed for each of these applications has been 
found to provide valuable insight into the coupler’s behavior to help in steering the 
design optimization iterations.  
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Chapter 1 Introduction  
 
1.1  General Background 
Microwave designers commonly use one-, two-, three- and four-port components for 
the majority of circuit applications. With the increasing level of functional capabilities 
expected nowadays, however, researchers have ventured to explore the possibility of 
utlizing novel components that have five or more ports. Gardiol has labeled such 
components as ‘higher-order multi-ports’ in his monograph [1] and the two examples 
singled out by him for illustrative purposes are the symmetrical five- and six-port 
junctions. 
The symmetrical five-port junction has already benefited from the efforts of many 
researchers after the introduction of the six-port reflectometer as a simple alternative 
approach to measuring the reflection coefficients of one-port components (followed 
by the proposal to use the dual six-port scheme to measure the scattering coefficients 
of two-port components) [2-5]. As expected, the tendency is to propose six-port 
circuits based on the widely available hybrids and other four-port components but the 
resulting reflectometer instruments have been found to be non-optimum in terms of 
measurement performance. The interest in the symmetrical five-port junction stems 
from the realization that it can be designed for use as the core component of a six-port 
reflectometer that is capable of meeting the optimum performance expectations. Many 
designs (implemented in planar and waveguide forms) have been proposed for this 
component [6-15] which has since been utilized in, for example, the feeding circuit 
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for an antenna array [8], a six-port reflectometer [7, 16-20] and a nine-port network 
analyzer [21]. 
The symmetrical five-port junction actually falls under the general family of 
symmetrical N-port couplers. The successful development of the N = 5 version has 
led several researchers to look at the next member in the family. Although there is 
also interest in designing the symmetrical six-port junction for six-port reflectometer 
application [22, 23], the very first prototype that was designed is actually for use as a 
five-way power divider/combiner [24]. It is known that a junction may have special 
characteristics by virtue of symmetry [25]; the symmetry properties for the N = 6 case 
have allowed us to explore other possible applications that its N = 5 counterpart is 
unable to accommodate. One such novel application considered during our overview 
discussion in Section 2.1 is to design the symmetrical six-port junction as a six-port 
crossover. 
The structural simplicity of the prototypes proposed by other researchers thus far does 
not offer much flexibility for the bandwidth to be extended beyond 10% because of 
the limited range of design options available to the pioneers in the N = 6 research 
community. The diversity of coupler structures under study in Chapter 3 has since 
provided us with the opportunities to not only improve the other researchers’ designs 
for the six-port reflectometer and power divider/combiner applications (in Chapters 5 
and 6 respectively) but also to propose a new design for use as the six-port crossover 
(in Chapter 7) with follow-up extension to the four-port crossover design as well (in 
Chapter 8). 
In view of the large number of optional variations and adjustable parameters to be 
taken into account, it is not possible for us to rely on cut-and-try experiments which 
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are both labour-intensive and time-consuming. We have opted, instead, to develop a 
computer model (in Chapter 3) that is able to compute the scattering coefficients for 
all possible microstrip designs of the symmetrical six-port coupler. The availability of 
this computer model will then allow us to resort to design-optimization iterations (in 
Chapters 5-7) so as to systematically search for suitable prototypes for the selected 
applications.  
1.2  Project Tasks 
To reinforce our efforts in designing symmetrical six-port microstrip couplers that are 
suitable for six-port reflectometer, power divider/combiner and crossover applications 
(in Chapters 5, 6 and 7 respectively), we need to expand the available range of add-on 
options so as to overcome the limited-flexibility handicap previously faced by other 
researchers when designing their own prototypes. The systematic approach we opted 
entails the following procedural tasks in meeting our objectives: 
(a) to perform first-order analysis on symmetrical six-port couplers so as to gain 
insight into their behavior when operating under non-ideal conditions for each 
of the selected applications  
(b) to derive closed-form expressions (in Chapter 3) for computing the coupler’s 
scattering coefficients by formulating transmission-line models with options to 
accommodate a diversity of add-on microstrip features 
(c) to fabricate microstrip prototypes for laboratory measurements in order to 
validate the accuracy of the numerical results generated by our computer 
model (based on the closed-form expressions derived in Chapter 3) 
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(d) to utilize our computer model (together with our findings from the first-order 
analysis) for systematic search iterations to find optimized designs that are 
suitable for the applications identified in Chapters 5-7. 
The experience gained in Chapter 7 for the analysis and design of six-port crossovers 
allows us to extend the scope of investigation to the analysis and design in Chapter 8 
of four-port crossovers (which are easier to handle because of their relative structural 
simplicity).  
1.3  Outline of Thesis 
The thesis consists of nine chapters. After the introductory discussion in Chapter 1, 
we provide a general overview of symmetrical six-port couplers in Chapter 2 with 
particular emphasis on three applications. Also included is a review of related past 
research.  
Transmission-line analysis is used in Chapter 3 to develop the eigenmode models of 
the symmetrical six-port coupler in all of its different structural implementations. 
Section 3.1 begins by examining the responses of the coupler when operating in any 
of its four eigenmodes. Section 3.2 outlines the analytical process we employed to 
derive the closed-form expressions for the eigen-admittances of the different coupler 
structures. The computer model uses a consolidation of these formulas to compute the 
scattering-coefficient data based on requests received from the design optimization 
software.  
Chapter 4 describes the preparations required before we can proceed with the design 
optimization iterations. Laboratory measurements on two preliminary prototypes have 
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been conducted so as to check the accuracy of the numerical results generated by our 
computer model. We also have to take into account various optimization 
considerations (including the constraints to be imposed) before conducting the 
sensitivity analysis to evaluate the level of fabrication tolerance acceptable for our 
coupler design.  
Chapter 5 presents details of the first-order analysis and computer-aided design of the 
symmetrical six-port coupler for use as the core component of a six-port reflectometer 
capable of optimum measurement performance. Although it is possible to adapt the 
optimization targets so as to search for a six-port directional coupler instead, the focus 
of our design optimization efforts is on a prototype suitable for six-port reflectometer 
application. 
The analysis and design reported in Chapter 6 are for a symmetrical six-port coupler 
to be used as a five-way power divider/combiner. Although the optimization targets 
are specified for equal power division/combination, it is also possible to adapt for a 
non-equal basis. 
The possibility of designing the symmetrical six-port coupler to function as a six-port 
crossover is considered in Chapter 7. For this novel application, we have found it 
difficult to improve the bandwidth of our narrow-band design since there is a need to 
arrange for four of the coupler’s ports to be electrically isolated from the port with the 
input wave.  
Noting that four-port crossovers ought to be easier to design (because of the reduced 
number of isolated ports), we have expanded the scope of investigation in Chapter 7 
to additionally consider the analysis and design of the symmetrical four-port coupler 
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in Chapter 8. As expected, the measured bandwidth of our prototype for four-port 
crossover application is wider than that obtained for its six-port counterpart in Chapter 
7.  
Chapter 9 concludes by summarizing the major findings of the thesis. We have also 
proffered several recommendations for follow-up research that may be pursued in the 
future.  
1.4  Original Contributions 
Some of our results have already been published in the following journals and 
conference proceedings: 
(1) Y. Chen, and S. P. Yeo, “A symmetrical four-port microstrip coupler for 
crossover application,” IEEE Transactions on Microwave Theory and 
Techniques, vol. 55, no. 11, pp. 2434-2438, Nov. 2007. 
(2) Y. Chen, J. Yao and S. P. Yeo, “Matched symmetrical six-port microstrip 
coupler,” in IEEE MTT-S International Microwave Symposium Digest, Long 
Beach, CA, Jun. 12-17, 2005, pp. 1223-1226. 
(3)  Y. Chen, J. Yao, and S. P. Yeo, “Improving Design of Symmetrical Six-Port 
Microstrip Coupler”, in Progress in Electromagnetics Research Symposium, 
Hangzhou, China, Aug. 22-26, 2005, pp. 598-601. 
(4) J. Yao, Y. Chen, S. P. Yeo, “Modifying hybrid coupler design to enhance six-
port reflectometer performance,” in European Microwave Conference Digest, 
Paris, vol. 2, pp. 4-6, Oct. 2005. 
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Chapter 2 General Overview 
 
2.1  Symmetrical Six-Port Junctions  
One of the new components singled out for special mention by Gardiol under what he 
termed as ‘higher-order multi-ports’ in his monograph [1] is the symmetrical six-port 
junction which can be implemented in waveguide [23, 26], stripline [24], microstrip 
[22, 27, 28] or other forms. Depicted in Figure 2.1 is the schematic diagram for such a 
component with its six arms protruding at angular intervals of 60º from a central 
junction which can be regarded at this juncture as a ‘black box’. (The actual details of 
such junctions will be examined in Chapters 5-7 for various application-specific 
designs.)  
As pointed out by Judah et al. [22], the properties of symmetry and reciprocity allow 
the scattering matrix of the symmetrical six-port junction (in its generic form) to be 
written as 
  actualS
γ α β τ β α
α γ α β τ β
β α γ α β τ
τ β α γ α β
β τ β α γ α
α β τ β α γ
⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
=   .     (2.1) 
If the symmetrical six-port junction is matched, all entries γ  along the principal 
diagonal of its scattering matrix should be zero. For an input wave entering a matched 
junction at Port 1 as shown in Figure 2.1, there are various possible output outcomes 
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that may be considered. In Figure 2.1(a), the junction functions as a power divider 
with output waves at all of its other five ports. For Figure 2.1(b), the opposite port is 
isolated from the input port and there are output waves at the remaining four ports. 
The arrangements portrayed in Figure 2.1(c1)-(c2) show the junctions configured as 
six-port directional couplers (with each junction having two ports that are isolated 
from the input port). Yet another variation are the arrangements portrayed in Figure 
2.1(d1)-(d2) where there are output waves at only two of the ports. If, as proposed in 
Figure 2.1(e), there is only one port with an output wave, we then have a six-port 
crossover which should find application in microwave integrated circuits where three 
signal lines may have to intersect at a common point without any leakage into each 
other.  
Of particular interest are the arrangements depicted in Figure 2.1(a), Figure 2.1(c1) 
and Figure 2.1(e). We will explore the junction designs required for these three 
applications in Chapters 5-7.  
2.1.1  Five-way power dividers  
The first design ever reported [24] for the symmetrical six-port junction is for it to 
function as a five-way power divider. Although the stripline prototype fabricated by 
Riblet and Hansson [24] is for equal power division (with transmission coefficients 
given by 
5
1|||||| === τβα ), the schematic diagram in Figure 2.1(a) can also 
represent other applications requiring unequal distribution of the input power and it is 
possible to design such junctions by simply adapting the optimization software in 
Chapter 6.  
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(a)       (b) 
   
(c.1)      (c.2) 
   
(d.1)      (d.2) 
Port 1 Port 4
Port 6 Port 5
Port 2 Port 3
 
(e) 
Figure 2.1: Input- and output-wave arrangements for symmetrical six-port coupler 
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The power divider can also be used to combine the power outputs of, for example, 
Gunn oscillators [29] or solid-state amplifiers [30]. In general, multi-way power 
dividers/combiners with good power-handling capability are required for radar and 
communication systems [29, 31-33]. Many designs are available in the literature 
based on a diversity of structures and configurations [34, 35]. Among them are the 
symmetrical N-port junctions where the designs for the less common N = 5 and N = 6 
versions have already been reported by other researchers. For the symmetrical five-
port family, waveguide and microstrip prototypes have been designed by Chang et al. 
[36] and Wang et al. [37] respectively for particular four-way power divider/combiner 
applications. For the N = 6 case that is also of interest to us, the stripline prototype 
reported by Riblet and Hansson [24] yields a bandwidth of only 10% because of the 
limited range of design options at their disposal; the variety of structures under study 
in Chapter 3 has provided us with greater flexibility which we are able to effectively 
capitalize on during our optimization iterations in Chapter 6 to find a more suitable 
design. 
2.1.2  Directional couplers (for use in six-port reflectometers) 
Another application considered by Riblet and Hansson [24] is for the symmetrical six-
port junction to function as the core component of a six-port reflectometer; however, 
they did not provide the first design for such an application. Instead, it was Judah et al. 
[22] who subsequently showed that the junction should actually be designed with 
properties similar to those of a six-port directional coupler as depicted schematically 
in Figure 2.1(c1) and they fabricated a prototype suitable for their proposed six-port 
reflectometer circuit; unfortunately, the bandwidth of their prototype is only 7% due 
to the inherent limitations of their coupler structure whereas we can capitalize on the 
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range of design options available in Chapter 3 to improve the performance of such a 
coupler.  
Depicted in Figure 2.2 is the ‘black box’ representation of the six-port reflectometer 
where Port 1 is connected to the signal generator and Port 2 is terminated in the 
device under test (DUT) with unknown reflection coefficient Γ  to be measured. The 
power detectors at Ports 3-6 measure the powers carried by the output waves b3, b4, b5 
and b6 .  
 
 
Figure 2.2: Schematic diagram of six-port reflectometer 
With the DUT at Port 2, the waves a2 and b2 are governed by 
  2 2/a bΓ =         (2.2) 
It can be shown from the network analysis of the six-port ‘black box’ system that b3, 
b4, b5 and b6 are, in general, related to a2 and b2 via  
  2 2k k kb A a B b= +        (2.3) 
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where k  = 3, 4, 5, 6 denotes the port number and kA  and kB  are system parameters 
that can be determined via calibration. After substitution of Equation (2.2) and some 
re-arrangement, Equation (2.3) can be re-written as 
  
3 3 3
k k kb A B
b A B
Γ += Γ +    for k = 4, 5, 6      (2.4) 
We have, without any loss of generality, taken Port 3 to be the reference port. Instead 
of measuring the complex wave ratio bk/b3 , we assume that the magnitude of this 
wave ratio is given by the square root of its corresponding power ratio Pk/P3 and thus 
re-cast Equation (2.4) in scalar form as 
  
3 3 3
k k kA B P
A B P
Γ + =Γ +    for k = 4, 5, 6      (2.5) 
We infer from the bilinear transformation in Equation (2.5) that the locus is a circle in 
the complex Γ  plane represented by 
  k kq RΓ − =     for k = 4, 5, 6      (2.6) 
where kR  and kq  are the radius and center, respectively, of the circle associated with 
the power ratio Pk/P3 [2]. Since Equation (2.5) can be interpreted geometrically via 
Equation (2.6), we may obtain the unknown value of the DUT’s reflection coefficient 
Γ  from the common intersection of the three circles associated with the power ratios 
as depicted in Figure 2.3. Although the three circles should ideally intersect at a single 
point, hardware imperfections cause the common intersection point to become a small 
area instead.  
The ‘black box’ portrayed in Figure 2.2 allows for a diversity of hardware circuits. 
Researchers have found that certain six-port reflectometer circuits yield more accurate 
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results for Γ  because the arrangement of their three circle centers kq  led to reduced 
measurement errors related to the common intersection areas. Judah et al. [22] were 
the first to show the use of a symmetrical six-port coupler as the core component of a 
six-port reflectometer capable of yielding optimum measurement performance and 
our contribution in Chapter 5 is on the improvement of the coupler design given the 
variety of structures available in Chapter 3. Apart from network measurements, such a 
six-port reflectometer should find application in anti-collision radar [38], direction 
finding [39], direct-conversion receivers [40-47] and wave-correlators [48, 49]. 
 
Figure 2.3: Intersection of circles (with centers qk) in complex Γ  plane 
2.1.3  Six-port crossovers 
The input/output wave arrangement depicted schematically in Figure 2.1(c1) is also of 
interest because it portrays a symmetrical six-port junction allowing the wave at the 
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input port to be transmitted only to one output port with no coupling to the remaining 
four ports; in other words, the six ports are essentially grouped into three pairs of 
ports where each pair is electrically isolated from the other two pairs even though all 
of them come together physically at the junction. Hence, this arrangement suggests 
the possibility of three-way crossover application where three signal lines are allowed 
to intersect at a common point with the isolation property of such a crossover junction 
ensuring that the signal traveling along any one line will not leak into the other two 
lines.  
The crossover structure is useful to designers of microwave integrated circuits where 
lay-out and routing usually pose problems because of the ever-increasing complexity 
of modern-day electronic systems. Conventionally, crossover structures have mostly 
been realized in multi-layered form (such as air-bridge and under-pass crossings). The 
multi-layered setting, unfortunately, adds complexity to both analysis and design. 
Extensive analytical studies had been undertaken to characterize these non-planar 
crossovers [50-57] ─ including full-wave analysis [50], quasi-static analysis [51, 52] 
and static electric field analysis [53]. Although such analytical tools are able to model 
the crossover structures, it is often difficult to implement them in software because of 
computational complications. Even if these numerical techniques are powerful for 
characterization purposes, they may not be as efficient when used for the computer-
aided design of circuits with tight specifications for bandwidth and other performance 
parameters. 
Crossover structures implemented in planar form will naturally be preferred when 
there is a need to simplify the fabrication process, to reduce the cross-interference 
between layers, or to facilitate integration with the other circuit elements. However, 
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there is hardly any systematic approach reported in the literature for the analysis and 
design of planar crossover structures. Wight et al. [58] attempted to cascade two 
hybrids for crossover application but the bandwidth of their composite prototype is 
limited. The range of options at our disposal in Chapter 3 offers opportunities for 
other novel six-port crossover designs in Chapter 7. Since it is more common to find 
crossovers with four instead of six ports, we have additionally expanded our scope of 
investigation to cover symmetrical four-port couplers in Chapter 8 for use as four-port 
crossovers (which are easier to analyze and design in view of their reduced structural 
complexity).  
2.2  Review of Related Research 
As mentioned in Chapter 1, the symmetrical six-port coupler actually belongs to the 
general family of symmetrical N-port junctions. Such junctions can be implemented 
in a diversity of hardware forms for operation at microwave or millimeter-wave 
frequencies. 
Multi-port junctions implemented in waveguide form have already been reported in 
the literature [16-19, 26, 36, 59-62]. Among them are the waveguide versions of the 
symmetrical five-port junctions designed for power divider/combiner [36] and six-
port reflectometer [16-19] applications. It is not easy to rigorously model the 
waveguide version of the symmetrical N-port junction; for example, the difficult-to-
use Least Squares Boundary Residual Method was employed in [62] to develop a 
computer model of the symmetrical six-port waveguide junction (with central metallic 
post and concentric dielectric sleeve in its cylindrical cavity). Waveguide components 
can be found in systems specially designed for high-power [36] or low-loss 
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applications. However, the operating bandwidth is inherently limited by the cut-off 
frequencies of the different waveguide modes. Waveguide junctions also tend to be 
heavy in weight and may not be easy to fabricate (especially for designs which require 
complicated shapes). 
In contrast, it is more common to find microwave circuits implemented in microstrip 
form. Not only are microstrip circuits relatively simple and less costly to fabricate, 
they are also compact in size and light in weight. With relative ease of integration, 
microstrip implementation can accommodate more complicated structures such as the 
diversity of microstrip structures considered in Chapter 3 for the symmetrical six-port 
coupler.  
As mentioned in Sub-Section 2.1.1, the first prototype reported for a symmetrical six-
port coupler was designed by Riblet and Hansson [24] as a power divider/combiner. 
Another prototype was subsequently proposed by Judah et al. [22] who designed it to 
function as the core component of their six-port reflectometer circuit. However, the 
structural simplicity of their prototypes did not offer much flexibility for bandwidth 
broadening and the practical utility of these designs is thus restricted to narrow-band 
circuits. 
To improve the design of the symmetrical six-port coupler, we also look at what the 
other researchers had previously attempted for the case of symmetrical four- and five-
port couplers. Although the circular disk studied by Abouzahra and Gupta [63] can be 
designed for both power division/combination and six-port reflectometer applications, 
such a structure does not offer much in terms of design flexibility when compared 
with a ring-based coupler. According to de Ronde [12], the insertion of a star within 
the space enclosed by the ring may improve the bandwidth of his single-ring design to 
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15%; the analysis of Malkomes et al. [64] indicates that the star is suitable for the 
phase alignment of the output waves with the powers distributed primarily by the ring. 
The second option that is available for the ring-based structure (but not for the disk 
coupler) is the addition of a second ring as proposed by Kim et al. [11] for their 
designs of the symmetrical five-port coupler. In fact, one of the five-port designs they 
attempted in [11] combines the central star together with the second ring. In addition 
to the possibility of using other options such as taper transitions and step transformers, 
non-standard variations have been found to be necessary under certain circumstances; 
for example, the ring circumference of de Ronde’s symmetrical four-port coupler [12] 
has to be shortened and his final design requires the arms of the star to be contorted so 
as to be squeezed within the space enclosed by a square (which replaces the original 
ring). 
The diversity of structures analyzed in Chapter 3 has similarly facilitated our design 
of the symmetrical six-port couplers in Chapters 5-7 for the applications discussed in 
Sub-Sections 1.1.1-1.1.3. 
2.3  Choice of Modeling Tool 
We need to develop a computer model that can generate the scattering-coefficient 
results required by the design optimization software when searching for a suitable 
prototype that is able to meet the performance characteristics expected for a particular 
application. Our choice of modeling tool must thus take the following considerations 
into account: 
(a) The computer model must not take too much time to generate the data 
requested by the search algorithm during each step of its iterative attempts to 
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find the global minimum of some error function (based on certain optimization 
targets). For this reason, we cannot choose any of the number-crunching tools 
to model the symmetrical six-port coupler. We need, instead, to derive closed-
form expressions that are able to predict (with a reasonable level of accuracy) 
the scattering coefficients for all possible designs of the symmetrical six-port 
coupler. 
(b) There must be inherent flexibility allowing us to readily add or remove any of 
the optional constituents making up the symmetrical six-port coupler. The 
range of available options includes the central star, additional rings, linear 
tapers and step transformers. The possibility of angular displacements (while 
maintaining the six-fold rotational symmetry of the composite structure) must 
also be accommodated. For this reason, we do not prefer a non-eigenmode 
approach which requires us to start the analytical derivation from scratch 
every time we modify the design. On the other hand, an eigenmode approach 
does not permit us to analyze the effects of non-uniform imperfections in the 
coupler. 
(c) The design optimization software should be able to recognize the significance 
of certain sequences during the search iterations; for example, a progressive 
reduction of the width for the inner ring during successive iterations ought to 
indicate the possibility that the second-ring option may not be appropriate for 
the coupler being designed. For this reason, we need to set certain bounds on 
the physical dimensions (such as minimum width required for microstrip lines 
and maximum length allowed for linear tapers) in order to regulate the search 
process. 
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We have found from our review that transmission-line analysis is suitable for the 
modeling task at hand. Although there is a need for us to incorporate assumptions and 
approximations during the analytical derivation in Chapter 3, our overriding priority is 
to obtain closed-form expressions for use by the computer model embedded within 
our design optimization software. Validation tests are therefore recommended to 
ensure that the accuracy of the numerical results generated by the computer model 
remains acceptable for coupler design purposes. 
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Chapter 3 Eigenmode Models 
 
3.1  Eigenmode Analysis 
The rudimentary structure of the symmetrical six-port coupler consists of six external 
arms protruding from a circular ring. The angle subtended by any pair of adjacent 
arms is 60º as depicted in Figure 3.1. The scattering matrix of such a coupler with six-
fold rotational symmetry can be defined by  
  B SA=         (3.1) 
where    
  
1 11 12 13 14 15 16 1
2 12 22 23 24 25 26 2
3 13 23 33 34 35 36 3
4 14 24 34 44 45 46 4
5 15 25 35 45 55 56 5
6 16 26 36 46 56 66 6
b S S S S S S a
b S S S S S S a
b S S S S S S a
b S S S S S S a
b S S S S S S a
b S S S S S S a
⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥=⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦
   (3.2) 
where ia  and ib  ( i =1, 2, 3, 4, 5, 6) are the input and output waves respectively at port 
i . The scattering matrix S  is related to its eigenvalues mλ  and eigen-vectors mK  
(where m  = 0, 1, 2, 3, 4, 5 is the order of the corresponding eigenmode) via  
  m m mK SKλ =         (3.3) 
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   (e)       (f) 
Figure 3.1: Input and output waves for coupler when operating in eigenmode of order 
m  = 0, 1, 2, 3, 4, 5 as portrayed in (a), (b), (c), (d), (e) and (f) respectively 
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As depicted in Figure 3.1, each of the six eigenvalues mλ  can be interpreted as the 
eigen-reflection coefficient associated with the corresponding eigen-vector mK  which 
may be expressed as 
  0 /3 2 /3 3 /3 4 /3 5 /3
Tj jm j m j m j m j m
mK e e e e e e
π π π π π⎡ ⎤= ⎣ ⎦   (3.4) 
mK  is essentially the set of input waves (with unit magnitude and prescribed phase 
difference) that are required at Ports 1-6 of the coupler when operating in eigenmode 
of order m . 
Using the principle of superposition, the scattering coefficients can be decomposed 
into a linear combination of the scattering matrix’s eigenvalues (i.e., eigen-reflection 











S e πλ −
=
= ∑ ,   for i  = 1, 2, 3, 4, 5, 6    (3.5) 
It can be inferred from the coupler’s six-fold rotational symmetry that  
  4 2λ λ=         (3.6)
  5 1λ λ=          (3.7) 
Hence, the symmetrical six-port coupler has only four distinct eigenmodes. By 
substituting Equations (3.6) and (3.7) into Equation (3.5), we have  
  11
1 ( 2 2 )
6 0 1 2 3
S γ λ λ λ λ= = + + +      (3.8) 
  12 16
1 ( )
6 0 1 2 3
S S α λ λ λ λ= = = + − −      (3.9) 
  13 15
1 ( )
6 0 1 2 3
S S β λ λ λ λ= = = − − +               (3.10) 




1 ( 2 2 )
6 0 1 2 3
S τ λ λ λ λ= = − + −               (3.11) 










λ −= +                  (3.12) 
where 0Y  is the characteristic admittance of the six external feed lines (which connect 
the coupler to the external circuitry) and mˆY  is the eigen-admittance looking into any 
port of the coupler when operating in the m th eigenmode ( m  = 0, 1, 2, 3). For a loss-
free junction, the eigen-reflection coefficient should be of unit magnitude because of 
energy conservation. The eigen-admittance mˆY  finds ready application in the matching 
of components with rotational symmetry: if it is possible to design a two-port circuit 
to match with the equivalent one-port admittance of the symmetrical six-port coupler, 
the residual mismatch |γ| will then drop to zero when all the six arms are matched with 
such two-port networks [65-68]. Hence, the matching of this coupler is reduced to the 
simpler problem of matching its equivalent admittance after we obtain its eigen-
admittances mˆY . 
Equations (3.8)-(3.12) form the basic set of formulas to derive the scattering 
parameters for a symmetrical six-port coupler from its eigen-admittances. Section 3.2 
outlines the transmission-line formulation used to derive closed-form expressions for 
the eigen-admittances of such a coupler in terms of its physical dimensions for 
different structural designs. The formulas provided in Hoffman’s MIC handbook [69] 
can be used to compute the numerical values required for the electrical characteristics 
of various lines and discontinuities. 
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3.2  Transmission-Line Formulation 
Transmission-line analysis has already been employed by other researchers to model 
ring couplers. For us to similarly apply transmission-line analysis to model the 
symmetrical six-port coupler, we have found it necessary to incorporate the following 
assumptions: 
(a) disregard curvature of ring 
The arc between any two Tee-junctions along a ring may be approximated as a 
straight line [28, 70-72] with the same physical width. We shall take the length 
of the equivalent straight line to be the mid-line length of the original arc. This 
approximation has also been utilized by Judah et al. [22, 73] during their 
formulation of a different transmission-line model for the symmetrical six-port 
coupler. 
(b) disregard coupling effects between various parts of coupler 
The analytical expressions will become more complicated if we have to take 
into consideration the coupling effects between the different structural 
constitutents that make up the composite coupler. Allowing for sufficient 
spacing may minimize the approximation errors arising from such coupling 
effects.  
It is not adviseable to delve immediately into the analysis of the more complicated 
coupler structures considered in Sub-Sections 3.2.4-3.2.9. We thus need to start from 
the rudimentary structures and progressively build the model by adding each of the 
constituent elements in turn. 
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3.2.1  Arc of ring line 
We start with the simplified equivalent circuit sketched in Figure 3.2 for the 
rudimentary element comprising three consecutive ports along any arc of length 2 l  
extracted from the ring of circumference 6 l  for the symmetrical six-port coupler. 
(Actually, the rudimentary element depicted in Figure 3.2 may be readily adopted for 
the general analysis of the symmetrical N-port coupler with a ring of circumference 
N l ; for example, we shall also consider the analysis of the symmetrical four-port 
coupler in Chapter 8.) 
 
Figure 3.2: Transmission line model for eigenmode analysis of single-ring structure 
For the symmetrical six-port coupler operating in eigenmode of order m , there is a 
common phase difference of / 3m mφ π=  among the voltages at port 1k − , port k  and 
port 1k +  in accordance with  
  1 ( )k k mv v exp jφ− =                 (3.13) 
  1 ( )k k mv v exp jφ+ = −                 (3.14) 
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Assuming loss-free conditions, the transmission line equations governing the terminal 
voltages/currents for each of the two lengths l  are given by 





v v cos l j sin l
Y
β β− = +               (3.15) 





v v cos l j sin l
Y
β β+ = −               (3.16) 
where β  and ringY  are the phase constant and characteristic impedance respectively of 
the ring line. From Kirchhoff’s current law,  
  , ,k L k k Ri i i+ =                  (3.17) 
After manipulation of Equations (3.13)-(3.17), we then obtain 
  
2







φ ββ= −               (3.18) 
The eigen-admittance looking into port k  for eigenmode order m  is thus given by 
  







φ ββ= = −  
       
2





j Y φ θθ= −               (3.19) 
where ring lθ β=  is the electrical length of the transmission line representing the arc 
that connects the pair of adjacent ports.  
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3.2.2  Single ring structure 
 
Figure 3.3: Single ring structure 
We can readily extend the basic formulation for the rudimentary element in Sub-
Section 3.2.1 to the analysis of the single-ring structure (which may be regarded as 
‘fundamental’ according to Kim et al. [11] who examined various designs for 
symmetrical five-port couplers). We also need to consider the effects of the Tee-
junctions sitting at the intersections of the ring and its six arms. Each Tee-junction is 
modeled as a shunt susceptance ringB  together with a ringn :1 transformer [74]. 
 
Figure 3.4: Equivalent circuit for single-ring structure (where terminals 
X-X at left end have to be wrapped around for connection to 
terminals Y-Y at right end) 
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Figure 3.4 depicts the equivalent circuit for the single-ring structure of Figure 3.3 with 
the Tee-junction models incorporated for all six ports. Although sketched as a linear 
circuit, this equivalent circuit should actually be wrapped around with the terminals 
X-X (at the left end) connected to the terminals Y-Y (at the right end). If we presume 
the six-arms (which connect the coupler to the external circuitry) to be 50Ω lines, the 
incorporation of ringjB  and ringn  into Equation (3.19) will then allow us to obtain the 
expression for the eigen-admittance looking into any port of the single-ring coupler 
when operating in eigenmode m : 
  2 2
2ˆ( ) [cos( ) cos( )]
sin( )
ring ring





φ θθ= − +             (3.20) 
3.2.3  Star structure 
 
Figure 3.5: Star structure 
According to de Ronde [12], the star junction is able to provide ‘internal matching’ 
and we should therefore include it as one of the options at our disposal. The manner 
we analyze this particular structure depends on its electrical properties when operating 
in its various eigenmodes. 
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For the star junction’s eigenmode of order m = 0 where there is no phase difference 
among the input waves at the different ports, we infer that no current will flow into 
the central hub which thus behaves as an open-circuit. Each of the six arms may thus 
be effectively regarded as a transmission line with open-circuit termination at the end 
represented by the central hub, and the expression we obtain for the admittance 
looking into the other end can also be used for computing the zeroth-order eigen-
admittance: 
  ˆ( ) tan( )m star star starY jY θ=                (3.21) 
where starY  and starθ  are the characteristic admittance and electrical length 
respectively of each arm. 
For all the other eigenmodes of order 0m ≠ , there will be a regular azimuthal pattern 
for the voltages/currents of the six arms and we thus infer that the voltage must drop 
to zero at the central hub. Each of the six arms may thus be effectively regarded as a 
transmission line with short-circuit termination at the end represented by the central 
hub, and the expression we obtain for the admittance looking into the other end can 
also be used for computing the other five eigen-admittances: 
  ˆ( ) cot( )m star star starY jY θ= −                (3.22) 
As pointed out by Malkomes et al. [64] during their study of symmetrical five-port 
structures, the star junction is able to provide balanced power division among the 
ports for all frequencies but it fails to meet the phase condition required. Hence, we 
have to employ the star junction together with a surrounding ring in Sub-Sections 
3.2.4-3.2.5 and 3.2.7-3.2.9.  
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3.2.4  Single-ring-with-star structure 
 
Figure 3.6: Single-ring-with-star structure 
Figure 3.6 depicts the combination of the star junction and the surrounding ring. We 
can still resort to the equivalent circuit for the single-ring structure in Figure 3.4 but 
we now have to include the additional shunt admittances represented as shaded boxes 
in Figure 3.7 in order to account for the eigen-admittances of the star junction. The 
expressions derived for the star junction in Sub-Section 3.2.3 have also to be modified 






star star star star
m star
star star star star
jn Y jB for m 0
Y
jn Y jB for m 0
θ
θ
⎧ + == ⎨− + ≠⎩
            (3.23) 
After consolidation with our other expressions in Sub-Section 3.2.2, we thus obtain 
the eigen-admittance for the composite single-ring-with-star structure as  
  2 2 2
ˆ2 ( )ˆ [cos( ) cos( )]
sin( )
ring ring m star
m m ring
ring ring ring ring
j Y jB YY
n n n
φ θθ= − + +                (3.24) 




Figure 3.7: Equivalent circuit for single-ring-with-star structure 
(where terminals X-X at left end have to be wrapped 
around for connection to terminals Y-Y at right end) 
3.2.5  Single-ring-with-rotated-star structure 
 
Figure 3.8: Single-ring-with-rotated-star structure 
In addition to the combination of star junction and surrounding ring already presented 
in Figure 3.6, there is another possible orientation of the star junction allowed by the 
six-fold rotational symmetry as depicted in Figure 3.8. As can be seen from Figure 3.9, 
the equivalent circuit for this second ring-with-star combination is more complicated 
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because the arms protruding from the star hub are no longer aligned with the arms 
protruding from the ring circumsference. There is a need to re-formulate the analysis 
so as to incorporate the star’s eigen-admittance (represented by the shaded boxes in 
Figures 3.9-3.10) into the rudimentary element we originally considered in Sub-
Section 3.2.1. 
 
Figure 3.9: Equivalent circuit for single-ring-with-rotated-star structure 
(where terminals X-X at left end have to be wrapped around 
for connection to terminals Y-Y at right end) 
 
 
 Figure 3.10: Transmission line model for eigenmode analysis of single-ring-with-
rotated-star structure 
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For analysis purposes, it is easier to start with the detailed schematic diagram of the 
rudimentary element in Figure 3.10 (which we extracted from the equivalent circuit 
depicted in Figure 3.9). For the coupler operating in eigenmode of order m , the 
voltage at port 1k −  leads by / 3m mφ π=  the voltage at port k  as given by  
  1 ( )k k mv v exp jφ− =                 (3.25) 
Assuming loss-free conditions, the transmission line equations governing the terminal 
voltages/currents for each of the two lengths l21  are given by 




il lv v cos j sin
Y
β β
− = +               (3.26) 
  1, ( ) ( )2 2k R A,L A ring
l li i cos jv Y sinβ β− = +                  (3.27) 





il lv v cos j sin
Y
β β= −               (3.28) 
  , ( ) ( )2 2k L k,R A ring
l li i cos jv Y sinβ β= −                     (3.29) 
where β  and ringY  are the phase constant and characteristic impedance respecitvely of 
the ring line. The currents at the node are related via  
  , , , ˆ( )A R A L A A L A m stari i i i v Y= − = −               (3.30) 
Substituting Equation (3.30) into Equation (3.28) thus yields 
  ,
ˆ( )
( ) ( )
2 2
A L A m star
k A
ring
i v Yl lv v cos j sin
Y
β β−= −  
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      ,





iYl l lv cos j sin j sin
Y Y
β β β= + −               (3.31) 
We need to re-write Equation (3.26) as 
  ,1






i lv v j sinl Ycos
β
β −= −               (3.32) 
Substituting Equation (3.32) into Equation (3.31) will then yield 
  , 1
2
ˆ( )( ) ( ) ( ) ( )
2 2 2








Yl l lexp j cos cos j sin
Y
i v







           (3.33) 
Similarly substituting Equation (3.32) into Equation (3.27) will then yield 
  1, 1
1 [ ( )]
2( )
2
k R A,L ring k
li i jY v sinlcos
β
β− −= +              (3.34) 
Combining Equations (3.33) and (3.34) allows us to obtain 
  1, 1 1
1 1( )
2( ) ( )ˆ( )2 22
( )
2
k R ring k k
m star
ring




− − −= + ⋅
+
 
   
ˆ( )[ ( ( ) 1) ]





Y Yj exp jl l lsin cos cos
φβ β β⋅ − − +            (3.35) 
In addition to the expression for ik-1,R in Equation (3.35), our analysis requires us to 
obtain the expression for ik-1,L ; we can do so by repeating the process for deriving 
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Equations (3.30)-(3.35). The two current expressions resemble each other except for a 
change of certain subscripts. 
  1, 1 1
1 1( )
2( ) ( )ˆ( )2 22
( )
2
k L ring k k
m star
ring




− − −= − − ⋅
+
 
   
ˆ( )[ ( ( ) 1) ]





Y Yj exp jl l lsin cos cos
φβ β β⋅ − +            (3.36) 
Equations (3.35)-(3.36) allow us to express the admittance at each port as 
  1 1, 1,
1 1







= = −  
       
2
ˆ2 [cos( ) cos( )] ( ) sin( )
ˆsin( ) ( ) sin ( )
ring m m star
ring
ring m star
Y l Y l
Y





+=               (3.37) 
After incorporating the Tee-junction model parameters, we obtain the eigen-






ˆ2 [cos( ) cos ( ) sin





ring m ring m star ring
ring


















+                  (3.38) 
where ring lθ β=  is the electrical length of the transmission line connecting the pair of 
adjacent ports.  
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3.2.6  Double-ring structure 
 
Figure 3.11: Double-ring structure 
Kim et al. [11] found it helpful (during their investigation of symmetrical five-port 
structures) to introduce the second ring as a ‘generalized compensating circuit’. For 
our analysis of symmetrical six-port structures with two rings as depicted in Figures 
3.11-3.13, there is a need to introduce new subscript notation where we denote ‘ring1’ 
to be the outer ring, ‘ring2’ to be the inner ring, and ‘link’ to be the link connecting 
both rings.  
To analyze the double-ring structure depicted in Figure 3.11, we can re-use the 
derivation process outlined in Sub-Section 3.2.4 for the single-ring-with-star structure 
except that the shaded boxes in Figure 3.7 now represent the eigen-admittance of the 
inner ring with its six links. The adapted process thus allows us to obtain the eigen-
admittance of the double-ring structure as  
  1 112 2 2
1 1 1 1
ˆ2 ( )ˆ [cos( ) cos( )]
sin( )
ring ring m link
m m ring
ring ring ring ring
j Y jB YY
n n n
φ θθ= − + +            (3.39) 





ˆ( ) tanˆ( ) ˆ( ) tan
m ring2 link link
m link link link link
link m ring2 link
Y jY




+= ++             (3.40) 
  2 22 22 2
2 2 2
2ˆ( ) [cos( ) cos( )]
sin( )
ring ring





φ θθ= − +            (3.41) 
with linkY  and link link linklθ β=  being the characteristic admittance and electrical length 
respectively of the ring-to-ring links. 
3.2.7  Double-ring-with-rotated-link structure 
 
Figure 3.12: Double-ring-with-rotated-link structure 
For the double-ring structures, the angular orientation of the six links connecting the 
inner and outer rings may be rotated by 30º while still retaining the six-fold rotational 
symmetry. To analyze the structure depicted in Figure 3.12, we can re-use the 
derivation process outlined in Sub-Section 3.2.5 for the single-ring-with-rotated-star 
structure except that the shaded boxes in Figures 3.9-3.10 now represent the eigen-
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admittance of the inner ring with its six links. The adapted process thus allows us to 










ˆ2 [cos( ) cos ( ) sin


























+                  (3.42) 
where the expression for ˆ( )m linkY  is given in Equation (3.40). 
3.2.8  Double-ring-with-star structure 
Thus far, we have separately considered the inclusion of either the star junction or the 
second ring employed by de Ronde [12] and Kim et al. [11] respectively (during their 
investigations on symmetrical five-port couplers). It is also possible to combine these 
two features in the design of our coupler. As depicted in Figure 3.13, there are four 
different ways we can incorporate both of these features into the composite coupler 
design: 
(a)  double-ring with aligned link and aligned star 
(b)  double-ring with aligned link and rotated star 
(c)  double-ring with rotated link and aligned star 
(d)  double-ring with rotated link and rotated star. 
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           (a)        (b) 
   
        (c)           (d) 
Figure 3.13: Possible double-ring-with-star structures 
By adapting the process outlined earlier for the analysis of the single-ring coupler and 
its variants, we can similarly derive expressions for the eigen-admittances of the four 
composite structures depicted in Figure 3.13: 
 1 1 _12 2 2
1 1 1 1
ˆ2 ( )ˆ( ) [cos( ) cos( )]
sin( )
ring ring m aligned link
m a m ring
ring ring ring ring
j Y jB Y
Y
n n n
φ θθ= − + +           (3.43) 
 1 112 2 2
1 1 1 1
ˆ2 ( )ˆ( ) [cos( ) cos( )]
sin( )
ring ring m rotated_link
m b m ring
ring ring ring ring
j Y jB Y
Y
n n n
φ θθ= − + +            (3.44) 
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+                  (3.46) 
where 
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+= ++              (3.47) 
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+= ++             (3.48) 
and 
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3.2.9  Adding step transformers 
Kim et al. successfully reduced the residual mismatch of their symmetrical five-port 
coupler by placing a step transformer at each port [11]. We similarly explore the 
addition of step transformers for the different designs of our symmetrical six-port 
coupler as depicted in Figure 3.14.  
   
(a)      (b) 
 
(c) 
Figure 3.14: Adding steps on (a) spokes of star junction, (b) ring-to-ring links, and (c) external arms 
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Models for the step-junction discontinuity have already been reported (e.g., in [69]). 
We have found it useful to utilize the transmission-line approach to relate the eigen-
admittances at both ends of the step transformer (as defined in Figure 3.15) via 
  
ˆ( ) tan( )ˆ( ) ˆ( ) tan( )
m inner step step
m outer step






+= +               (3.52) 
where stepY  and step step steplθ β=  are the characteristic admittance and electrical length, 
respectively, of each step transformer. 
 
Figure 3.15: Step transformer 
3.2.10 Adding linear tapers 
Where appropriate, we have found it necessary to use linear tapers instead of abrupt 
steps. The taper depicted in Figure 3.16 may be approximated as a cascade of P 
elemental steps with the electrical angle of the pth step along the taper denoted as 
( ) ( )p p plθ βΔ = Δ  where p = 1, 2, 3, …, P. We then account for each of these 
elemental steps in turn by applying 
  1
1
ˆ( ) tan( )ˆ( ) ˆ( ) tan( )
m p p p
m p p








+ Δ= + Δ ,    for p = 1, 2, 3, …, P           (3.53) 
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on an iterative basis where the p = 1 and p = P terms are ˆ( )m innerY  and ˆ( )m outerY  




Figure 3.16: Linear taper 
3.2.11 Rings with non-uniform widths 
Another option we may explore is to allow the (inner or outer) ring to have non-
uniform width along its circumference as depicted in Figure 3.17 whilst retaining the 
six-fold rotational symmetry of the composite coupler structure. 
  
            (a)                         (b) 
Figure 3.17: Coupler structures with non-uniform width for (a) outer ring and (b) inner ring 
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It is possible to account for such non-uniform rings via the analysis outlined in 
Section 3.2.9. Under special circumstances, the electrical lengths involved may be 
sufficiently small to allow us to approximate via  
  1 2 1 1 2 2ring section section section section section sectionl lθ θ θ β β≈ + = +             (3.54) 
where the subscripts ‘section1’ and ‘section2’ refer to the wider and narrower portions 
respectively of the ring.  
3.3  Summary 
In this chapter, we have applied transmission-line analysis to derive the closed-form 
expressions for the different eigen-admittances of the symmetrical six-port couplers. 
These analytical formulas are then used to compute the scattering coefficients of the 
various composite coupler designs which can be based on a diversity of structural 
forms.  
The advantage of the eigenmode formulation is that the analysis may be readily 
expanded from the simplest single-ring structure to the complex double-ring-with-
rotated-star structure. For ease of reference, we summarize the possible variations that 
may be considered in Chapters 5-8 for the design of suitable prototypes for the 
selected applications:  
(I)  choice of structural forms:  
(1) single-ring structure 
(2) star structure 
(3) single-ring-with-star structure 
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(4) single-ring-with-rotated-star structure 
(5) double-ring structure 
(6) double-ring-with-star structure 
(7) double-ring-with-rotated-star structure 
(II) variation of constitutent elements:  
(1) allowing for non-uniform width along the circumference of any ring 
(2) allowing for non-uniform width along the links between the two rings 
(3) angular displacements of 30o for the links between the two rings 
(4) addition of linear tapers or step transformers on the external arms that 
protrude from the outer ring 
(5) addition of linear tapers or step transformers on the arms of the star junction 
(III) adjustment of coupler dimensions:  
(1) radius and (non-uniform) width of any ring 
(2) width of the arms for the central star (with their common length determined 
by the radius of the inner ring) 
(3) width of the ring-to-ring links (with their common length determined by the 
difference in the radii of the two rings) 
(4) length and widths of the linear tapers or step transformers 
(5) width of the external arms protruding from the outer ring. 
The wide range of coupler structures and add-on options that are available offers 
enhanced flexibility for the design of couplers required for the applications identified 
in Section 2.1. Table 3.1 provides a list of the symbols used in the eigenmode 
expressions derived in this chapter. The notation has also been adopted for the other 
chapters of the thesis.  
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Symbol Description of Coupler Parameter 
Y  characteristic admittance of line 
θ  electrical angle of line 
( ) pθΔ  electrical angle of pth fractional step along taper 
B  shunt susceptance at Tee-junction 
n  transformer ratio at Tee-junction 
Table 3.1: Notation for symbols used 
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Chapter 4 Design Considerations 
 
4.1  Validation of Models 
We have developed in Chapter 3 the eigenmode models of the symmetrical six-port 
coupler in its different forms so as to compute the scattering-coefficient data required 
by the design optimization algorithm. The availability of analytical expressions allows 
us to avoid the alternative approach of depending solely on experimental cut-and-try 
trials which will be both time-consuming and labour-intensive in view of the number 
of adjustable parameters we have at our disposal for the optimization of the coupler 
design.  
Since we have found it necessary to incorporate assumptions and simplifications into 
our analytical derivation in Chapter 3, there is a need for us to conduct laboratory tests 
to check the numerical accuracies of the scattering-coefficient data generated by our 
models. Only after we have collected such empirical evidence can we then reliably 
proceed with optimization computations to find the global minimum of some 
prescribed error function during our search for suitable designs that meet the specified 
requirements. 
The two preliminary prototypes we selected for our validation tests in Sub-Sections 
4.1.1 and 4.1.2 are based on the single-ring and double-ring structures respectively. 
Since the star junction offers ‘internal matching’ possibilities (as pointed out by de 
Ronde [12]), we have also included the rotated-star feature for one of these 
preliminary prototypes. 
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4.1.1  Prototype 1 (single-ring-with-rotated-star structure) 
Depicted in Figure 4.1 is the first preliminary prototype we tested where the physical 
dimensions (without any design optimization) of the single-ring-with-rotated-star 
structure are listed in Table 4.1. The closed-form expressions derived in Sub-Section 
3.2.5 are used with Equations (3.8)-(3.12) to compute the scattering coefficients of 
this coupler. The measured performance characteristics for all prototypes reported in 
Chapters 4-8 have been obtained by the HP 8510C available in our laboratory.  
 
Figure 4.1: Prototype 1 based on single-ring-with-star structure 
Coupler Elements Physical Dimensions 
central star length of 900 mil and width of 150 mil 
ring radius of 900 mil and width of 120 mil 
external arms length of 450 mil and width of 100 mil 
substrate relative permittivity of 10 and height of 62 mil 
Table 4.1: Dimensions of Prototype 1 for preliminary testing purposes 
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Figure 4.2: Variation of magnitude of γ  for Prototype 1 


















Figure 4.3: Variation of magnitude of α  with frequency for Prototype 1 
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Figure 4.4: Variation of magnitude of β  with frequency for Prototype 1 


















Figure 4.5: Variation of magnitude of τ  with frequency for Prototype 1 
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Figure 4.6: Variation of phase of γ  with frequency for Prototype 1 
















Figure 4.7: Variation of phase of α  with frequency for Prototype 1 
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Figure 4.8: Variation of phase of β  with frequency for Prototype 1 
















Figure 4.9: Variation of phase of τ  with frequency for Prototype 1 
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It is evident from the magnitude and phase data presented in Figures 4.2-4.9 that there 
is good agreement between the predicted and measured results especially over the 0.8-
2 GHz frequency range, hence indicating that the assumptions and simplifications we 
employed have not impaired the reliability of our computer model for the single-ring-
with-rotated-star structure. Deviation may naturally be expected to appear at higher 
operating frequencies but we nevertheless infer from the comparison of our predicted 
and measured results over the 2-4 GHz frequency range that the practical utility of 
this particular model can actually be extended to 4 GHz for computer-aided design 
purposes.  
4.1.2  Prototype 2 (double-ring-with-rotated-link structure) 
We have demonstrated in Sub-Sections 3.2.6-3.2.7 that we may readily account for 
the addition of the second ring by simply adapting the analytical derivation we 
outlined earlier in Sub-Sections 3.2.4-3.2.5 for the single-ring-with-star structure. 
Hence, there is a need to check the validity of the closed-form expressions we thus 
obtained for the double-ring coupler (after removing the central star tested in Sub-
Section 4.1.1).  
Depicted in Figure 4.10 is the second preliminary prototype we fabricated for our 
validation tests where the physical dimensions (without any design optimization) of 
the double-ring-with-rotated-links structure are listed in Table 4.2. In particular, the 
angular displacement of 30o that exists between the ring-to-ring links and the external 
arms has introduced additional analytical complexity that also requires attention.  





Figure 4.10: Prototype 2 based on double-ring-with-rotated-links structure 
 
 
Coupler Elements Physical Dimensions 
inner ring radius of 500 mil and width of 240 mil 
outer ring radius of 1000 mil and width of 120 mil 
ring-to-ring links length of 500 mil and width of 60 mil 
external arms length of 500 mil and width of 150 mil 
substrate relative permittivity of 10 and height of 62 mil 
Table 4.2: Dimensions of Prototype 2 for preliminary testing purposes 
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Figure 4.11: Variation of magnitude of γ  with frequency for Prototype 2 


















Figure 4.12: Variation of magnitude of α  with frequency for Prototype 2 
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Figure 4.13: Variation of magnitude of β  with frequency for Prototype 2 


















Figure 4.14: Variation of magnitude of τ  with frequency for Prototype 2 
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Figure 4.15: Variation of phase of γ  with frequency for Prototype 2 
















Figure 4.16: Variation of phase of α  with frequency for Prototype 2 
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Figure 4.17: Variation of phase of β  with frequency for Prototype 2 
















Figure 4.18: Variation of phase of τ  with frequency for Prototype 2 
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It can be seen from the data presented in Figure 4.15 - Figure 4.18 for the phases of 
the four scattering coefficients that the agreement between predicted and measured 
results is as good as that obtained for the corresponding phase plots in Figure 4.6 - 
Figure 4.9 for our first prototype. As for the scattering-coefficient magnitude results 
presented in Figure 4.11 - Figure 4.14, however, we observe frequency shifts of the 
measured plots which may be due to the effects of the additional structural complexity 
(including the coupling between the inner and outer rings which are separated by 500 
mil for this preliminary example). The results indicate that our double-ring models 
may still generate useful numerical data to help steer the computer-aided design 
process but there is also a need for us to supplement the series of optimization 
computations with a number of laboratory-adjustment iterations when finalizing the 
design for such a coupler. 
4.2  Optimization Process 
As pointed out in Chapter 3, we have a variety of coupler structures to choose from. 
Actually, the design objectives for each of the applications considered in Chapters 5-8 
may not require the degrees of freedom afforded by the full range of add-on options at 
our disposal.  
In view of the need to widen the coupler’s bandwidth as much as possible, we should 
look beyond traditional synthesis approaches that dwell on spot-frequency designs. 
The number of physical parameters that we can adjust (subject to certain constraints) 
suggests that we should resort instead to optimization computations in our search for a 
suitable coupler design that meets the performance requirements. The availability of 
the closed-form expressions derived in Chapter 3 allows us to explore a variety of 
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coupler structures during our design optimization process; for example, if the width of 
the spokes for the star junction is progressively reduced by the optimization software 
towards zero during successive iterations, it is possible to switch from the closed-form 
expressions for the ring-with-star structure to the corresponding expressions for the 
next best-fit structure when the six spokes’ width becomes sufficiently thin for the 
optimization software to conclude that the star junction is not required for the coupler 
design. 
4.2.1  Search algorithm 
We need to choose an appropriate optimization tool to search the multi-dimensional 
parameter space for the global minimum of some prescribed error function (to be 
defined in accordance with the performance requirements for the different coupler 
applications considered in Chapters 5-8). From the experience gained in prior projects, 
we infer that there is strong likelihood of multiple local minima in the multi-
dimensional parameter space to be searched and so we should only consider 
algorithms that are capable of finding the global minimum. For certain design 
scenarios, it may even be necessary to opt for a combination of algorithms to perform 
both coarse- and fine-scale searches based on some pre-arranged flow-chart sequence. 
As a brute-force tool, Random Search is one of the simplest to implement in terms of 
programming codes. This algorithm permits unrestricted access to any point in the 
multi-dimensional search space by virtue of its ‘blind search’ approach. However, it is 
known to be computationally inefficient and may require powerful number-crunching 
facilities when dealing with complicated designs involving a multitude of adjustable 
parameters. 
Chapter 4   Design Considerations 
 
61 
Simulated Annealing [75, 76] is a global optimization tool that has been adapted for 
circuit design (e.g., in [77]). It originates from the metallurgical annealing process 
where a metal is first heated and then allowed to cool slowly to pre-set temperatures 
in a controlled environment; having strayed from their initial locations after heating, 
the atoms should eventually settle down after the slow-cooling process at locations 
with less internal energy than what they initially had. When using Simulated 
Annealing for circuit design optimization, the internal energy corresponds to the error 
function and the temperature settings during the slow-cooling process are the control 
parameters. Unlike Random Search, Simulated Annealing is more complex and 
requires certain tuning factors to be set (including starting temperature, final 
temperature and number of iterations). At each iteration step, the minimum internal 
energy level is achieved at the specified temperature before proceeding to the next 
lower temperature setting. In principle, the probability for Simulated Annealing to 
yield the global optimum solution should in the limit approach unity in the ideal case. 
In practice, however, anomalies may sometimes occur and ‘re-starting’ is required 
when the cooling from the current temperature results in a worse situation. The 
efficiency of Simulated Annealing is therefore subject to a number of non-ideal 
factors. 
Genetic Algorithm [78] is another global optimization tool that has been adapted for 
circuit design (e.g., in [79]). It belongs to the class of evolutionary algorithms that 
draw inspiration from the biological evolutionary processes (including inheritance, 
mutation, selection and cross-over). The evolution from one generation to the next is 
essentially based on two principles  ─  survival of fittest and exchange of information. 
At each iteration, the current generation is evaluated against some fitness function 
(which corresponds to the error function for our coupler design optimization). Cross-
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over and mutation operators play important roles during the selection of the fittest 
when forming the next generation: 
● The cross-over operator is used to exchange information between the two 
parents (with one part retained from each parent). The associated tuning factor 
is the cross-over rate which is the ratio of the number of ‘offsprings’ to the 
population of existing individuals. A higher cross-over rate allows for the 
exploration of a more extensive search space (at the expense of additional 
computational resources). Based on our prior experience [80], we have chosen 
a cross-over rate of 0.9. 
● The mutation operator is used to regulate genetic diversity by introducing 
‘disturbance’ in the information retained from the current generation. A higher 
rate of mutation allows for greater diversity in the next generation and there 
will thus be less resemblance with their parents (i.e., loss of information 
obtained from previous generations). Based on our prior experience [80], we 
have chosen a mutation rate of 0.6. 
When choosing a search tool, we have to carefully balance the trade-off between 
efficiency (in terms of computational processing time and memory space allocation) 
and robustness (in terms of capability to expand the search space to be explored). We 
have found from our empirical trials [80, 81] that Genetic Algorithm (which is not 
difficult to implement and does not require close monitoring when running) can be 
readily tailored to search the multi-dimensional parameter space for our multi-
objective design tasks in Chapters 5-8. 
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4.2.2  Optimization constraints 
Before running the design optimization software, we need to impose a number of 
constraints on the settings allowed for certain physical parameters because of the 
assumptions and simplifications we incorporated during the analytical derivation in 
Chapter 3: 
● In order to derive expressions for the coupler’s scattering coefficients, we have 
found it necessary to disregard the mutual coupling between the inner and 
outer rings. The findings from our empirical trials indicate that we should 
impose a minimum limit of 200 mil for the spacing between these two rings. 
● Since the arc segments of the rings have been approximated as straight lines in 
Chapter 3, we have to ensure that the effect of curvature remains minimal and 
another constraint we imposed is that the ring’s radius should not be less than 
200 mil (especially for the inner ring of any double-ring structure). 
● For the Tee-junction model, the ratio of the widths for the wider and narrower 
arms should not exceed 15; otherwise, we need to include an additional 
capacitance term in order to maintain acceptable accuracy for the numerical 
results. Similarly, the widths for the wider and narrower sections of the step 
transformer should not have a ratio that exceeds 0.6. 
In addition, we need to ensure that the microstrip lines must not be too narrow. Due to 
the imperfections of our in-house fabrication facilities (e.g., etching factor and 
dimensional deviation in masks), we have found from our empirical trials that we 
should impose a minimum limit of 10 mil for the microstrip line-width. 
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For convenience in connecting the prototype coupler to external circuitry, the six arms 
protruding from the outermost ring ought to be 50Ω lines at the mid-frequency of the 
operating bandwidth. Otherwise, there is a need for tapers to provide transition to 50Ω 
lines. 
The optimization constraints we imposed on different coupler structures may vary for 
certain specific details. As an example, the following list summarizes the major 
constraints we adopted for the double-ring-with-star structures depicted in Figure 3.13 
(with the notation defined in Sub-Section 3.2.6): 
• width of ring1 ≥  10 mil 
• width of ring2 ≥ 10 mil 
• width of link ≥  10 mil 
• width of star ≥  10 mil 
• radius of ring2 ≥  400 mil 
• width of link ≥  10 mil 
• radius of ring1 – radius of ring2 – 21 width of ring1 – 21 width of ring2 ≥  200 mil 
• 151  ≤ width of ring2 / width of star ≤ 15 
• 151  ≤ width of ring2 / width of link ≤ 15 
• 151  ≤ width of ring1 / width of link ≤ 15 
• 151  ≤ width of ring1 / width of external arm ≤ 15 
• 101  ≤ inner end width of step transformer / outer end width of step transformer ≤ 10 
• length of external arm ~ 300 mil 
• characteristic impedance of external arm = 50 Ω . 
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4.3  Fabrication Tolerances 
When fabricated, the coupler’s dimensions may turn out to be slightly different from 
their corresponding design settings because of the imprecision associated with photo-
etching or photolithography. There are various possible sources contributing to such 
discrepancies depending on the fabrication facilities; for example, mechanically-made 
masks are not recommended for designs that require thin lines or narrow separations 
between lines.  
For the in-house fabrication facilities available in our laboratory, the fabrication errors 
that may be expected are typically 4-5 mil. To gain some appreciation of the coupler’s 
sensitivity to such fabrication tolerances, we successively introduced incremental 
changes into each of the dimensions listed in Table 4.3 for the double-ring structure. 
After finding that the effects of ±5 mil tolerance appear to be minimal for the plots 
generated by the computer model in Figure 4.19 - Figure 4.23, we also proceeded to 
compute additional plots to study the effects of ±10 mil tolerance as well. 
Coupler Elements Physical Dimensions 
inner ring radius of 500 mil and width of 100 mil 
outer ring radius of 800 mil and width of 100 mil 
ring-to-ring links length of 300 mil and width of 100 mil 
external arms length of 150 mil and width of 150 mil 
substrate relative permittivity of 10 and height of 62 mil 
Table 4.3: Double-ring coupler’s dimensions used in sensitivity study 
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(c)          (d) 
 
Figure 4.19: Magnitude variations of (a) γ  (b) α  (c) β  (d) τ  with frequency for different inner-ring widths: ooo  +5 mil, ···  –5 mil, ×××  +10 mil, +++  –10 mil 
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(c)          (d) 
 
Figure 4.20: Magnitude variations of (a) γ  (b) α  (c) β  (d) τ  with frequency for different inner-ring radii: ooo  +5 mil, ···  –5 mil, ×××  +10 mil, +++  –10 mil 
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(a)           (b) 






















    





















(c)          (d) 
 
Figure 4.21: Magnitude variations of (a) γ  (b) α  (c) β  (d) τ  with frequency for different outer-ring widths: ooo  +5 mil, ···  –5 mil, ×××  +10 mil, +++  –10 mil 
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(a)           (b) 






















   





















(c)          (d) 
 
Figure 4.22: Magnitude variations of (a) γ  (b) α  (c) β  (d) τ  with different outer-ring radii: ooo  +5 mil, ···  –5 mil, ×××  +10 mil, +++  –10 mil 
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(a)           (b) 






















    





















(c)          (d) 
 
Figure 4.23: Magnitude variations of (a) γ  (b) α  (c) β  (d) τ , with frequency for different ring-to-ring link widths: ooo  +5 mil, ···  –5 mil, ×××  +10 mil, +++  –10 mil 
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The plots in Figure 4.19 - Figure 4.23 show all four scattering-coefficient magnitudes 
deviating by less than 1 dB for variations of ±5 mil in each of the coupler’s physical 
dimensions. Even for variations of ±10 mil, the results do not indicate any cause for 
alarm. 
To help us in identifying which of the contributory factors require closer attention, we 
have computed for each of the four scattering-coefficient magnitudes listed in Table 
4.4 the squared differences between the original and perturbed results due to ±5 mil 
fabrication errors in the dimensions of the different elements making up the coupler. 
To illustrate how we generated these data, we reproduce in Equation 4.1 the formula 
for computing the entry in the first row and first column of Table 4.4: 









⎡ −⎢⎣∑  
  ( )2 4.62f,original design f,outer ring width-5 mildB dBγ γ ⎤+ − =⎥⎦    (4.1) 
 








τ  Subtotal 
outer ring width 4.62 0.60 2.47 0.84 8.53 
outer ring radius 2.31 4.67 6.43 0.79 14.2 
inner ring width 2.54 2.58 5.02 0.55 10.69 
inner ring radius 1.39 1.35 1.90 0.97 5.61 
ring-to-ring link 
width 2.11 4.66 7.90 0.57 15.24 
Subtotal 12.97 13.86 23.72 3.72 54.27 
Table 4.4: Sensitivity of scattering coefficients due to ±5 mil variations in physical dimensions 
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It is evident from Table 4.4 that β  is most sensitive to dimension variations while τ  
appears to be least sensitive (even for fabrication tolerances up to ±10 mil). We also 
infer that closer attention should be paid to the fabrication tolerances for the widths of 
the inner ring and the link between the two rings. In contrast, the variations in the 
radius of the inner ring have the least effect on all four scattering-coefficient 
magnitudes. 
Another precaution is to avoid the fabrication of very narrow lines. In fact, we should 
double-check the optimization software if it yields a design that requires very narrow 
lines; for example, we already mentioned in Section 4.2 that the optimization software 
ought to conclude that the central star junction is not required for the coupler design if 
the width of the six spokes is progressively reduced towards zero during successive 
iterations.  
4.4  Summary  
Various intermediate preparations are required for the application of the closed-form 
formulas derived in Chapter 3 to the design of couplers required in Chapters 5-8. 
Reported in this chapter are the following tasks we completed: 
● prototype testing for validation of computer model 
● choice of search algorithm for design optimization with accompanying list of 
constraints to be imposed 
● sensitivity simulations for evaluation of allowable fabrication tolerance. 
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Chapter 5 Six-Port Directional Coupler for 
Six-Port Reflectometer Application 
 
As pointed out by Judah et al. [22], the symmetrical six-port coupler may be used as 
the core component of the six-port reflectometer. Such an application requires us to 
design the symmetrical six-port coupler to behave like a six-port directional coupler 
with the following scattering matrix: 





















⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦




00 |||| == τα   and  πατ 32)arg( 00 ±= .  We will employ our computer model to 
design a coupler with improved performance characteristics when compared with the 
prototype reported in [22]. 
5.1  First-Order Analysis 
In practice, we do not expect symmetrical six-port couplers to meet all of the ideal-
case characteristics specified in Equation (5.1) over the entire operating bandwidth. 
Hence, we need to conduct first-order analysis in order to understand the behavior of 
such a coupler (in its generic form) with scattering coefficients that have not strayed 
too much from the ideal-case settings listed in Equation (5.1). 
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Before proceeding with the first-order analysis, we need to consider the eigenvalues 
of the symmetrical six-port coupler when designed for this particular application. 
Following our discussion in Section 3.1, the scattering matrix defined in Equation (5.1) 
has only four distinct eigenvalues mλ  (where m = 0, 1, 2, 3 is the order of the 
corresponding eigenmode). For the loss-free case, all four eigenvalues will have unit 
magnitudes and they may be represented by 
  exp0 jλ φ=         (5.2) 
  ( )1exp1 jλ φ φ= +        (5.3) 
  ( )2exp2 jλ φ φ= +        (5.4) 
  ( )3exp3 jλ φ φ= +        (5.5) 
φ  is an arbitrary angle determined by the reference plane and we need to derive the 
relationships among the other three phase parameters 1φ , 2φ  and 3φ . In general, as 
mentioned in Section 3.1, the eigenvalues mλ  are related to the coupler’s scattering 
coefficients α , β , γ  and τ  via Equations (3.8)-(3.11); for the six-port reflectometer 
application being considered here, we shall first focus on the πατ 32)arg( 00 +=  case 
where 
  2 2 00 1 2 3λ λ λ λ+ + + =       (5.6) 
  0
26 2 3 ( ) ( )
30 1 2 3
exp j exp j πλ λ λ λ α ϕ −+ − − = = ⋅ ⋅      (5.7) 
  00 1 2 3λ λ λ λ− − + =        (5.8) 
  02 2 6 2 3 ( )0 1 2 3 exp jλ λ λ λ τ ϕ− + − = = ⋅     (5.9) 
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We infer from Equations (5.6) and (5.8) that the eigenvalues are inter-related via 
  3 0λ λ= −                     (5.10) 
  2 1λ λ= −                 (5.11) 
Substituting these relationships into Equations (5.7) and (5.9) will yield 
  2 3 ( )0 1 exp jλ λ ϕ− = ⋅                  (5.12) 
  22 3 ( ) ( )
30 1
exp j exp j πλ λ ϕ −+ = ⋅ ⋅               (5.13) 
Solving Equations (5.12)-(5.13) and combining with Equations (5.10)-(5.11) will 
allow us to express the eigenvalues as 
  ( ) ( )
20
exp j exp j πλ ϕ −= ⋅                (5.14) 
  7( ) ( )
61
exp j exp j πλ ϕ= ⋅               (5.15) 
  13( ) ( )
62
exp j exp j πλ ϕ= ⋅                (5.16) 
  ( ) ( )
23
exp j exp j πλ ϕ= ⋅               (5.17) 
To simplify Equations (5.14)-(5.17), we need to arrange for  
  
2
πφ ϕ= −                  (5.18) 
Equations (5.14)-(5.17) may thus be re-written as 
  0 exp jλ φ=                       (5.19) 
  ( )
31
exp j πλ φ= −                           (5.20) 
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  2( )
32
exp j πλ φ= +                           (5.21) 
  ( )3 exp jλ φ π= −                            (5.22) 
The derivation of Equations (5.6)-(5.22) is based on πατ 32)arg( 00 += . It is equally 
possible for us to start from πατ 32)arg( 00 −=  instead; for this alternate choice of phase-
difference sign, we may also repeat the analysis and still derive the same formulation 
for mλ . 
To account for hardware imperfections [22, 28], the ideal-case scattering matrix 
defined in Equation (5.1) should in general be re-written as 
   actualS
γ α β τ β α
α γ α β τ β
β α γ α β τ
τ β α γ α β
β τ β α γ α
α β τ β α γ
⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
  .             (5.23) 
To allow for first-order departures, the ideal-case eigenvalue expressions in Equations 
(5.19)-(5.22) should be modified to the following first-order expressions (in line with 
those adopted by Kim et al. [11] during their study of symmetrical five-port couplers): 
  exp0 jλ φ=                  (5.24)
  exp
31 a
j + πλ φ ψ⎛ ⎞= − +Φ⎜ ⎟⎝ ⎠               (5.25) 
  2exp
32 a
j + πλ φ ψ⎛ ⎞= + −Φ⎜ ⎟⎝ ⎠              (5.26) 
  ( )exp3 bjλ φ π= − +Φ               (5.27) 
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where φ  depends on the location of the reference planes (which need not be specified 
for this first-order analysis) and where ψ , aΦ  and bΦ  should in the ideal case be 
zero. If the departures from the design specifications spelt out in Equation (5.1) are 
sufficiently small, we may then assume near-zero magnitudes for ψ , aΦ  and bΦ . 
The substitution of Equations (5.24)-(5.27) into Equations (3.8)-(3.11) will thus yield 




π φγ ψ ψ+= − + Φ − Φ + Φ   
       ( 2cos sin 2 3 sin sin sin )]a a bj ψ ψ+ − Φ − Φ + Φ                (5.28) 




π φα ψ ψ−= Φ − Φ − Φ   
                   (1 cos cos cos 3 sin cos )]a b aj ψ ψ+ + Φ + Φ + Φ                (5.29) 




π φβ ψ ψ−= − + Φ + Φ − Φ   
                   (cos sin 3 sin sin sin )]a a bj ψ ψ+ Φ + Φ + Φ              (5.30) 




φτ ψ ψ= − Φ − Φ + Φ   
                  (2 3 cos cos 2sin cos sin )]a a bj ψ ψ+ Φ − Φ + Φ                (5.31) 
Neglecting the higher-order terms in the expansions for the four scattering-coefficient 
magnitudes allows us to obtain 
 2 2 21 4sin sin 4cos( )sin sin
9 2 3 2
b b
a a
πγ ψΦ Φ⎡ ⎤≈ Φ + − − + Φ⎢ ⎥⎣ ⎦            (5.32) 
 2 2 21 cos cos 2cos( ) cos cos
9 2 3 2
b b
a a
πα ψΦ Φ⎡ ⎤≈ Φ + + − + Φ⎢ ⎥⎣ ⎦
            (5.33) 
 2 2 21 sin sin 2cos( )sin sin
9 2 3 2
b b
a a
πβ ψΦ Φ⎡ ⎤≈ Φ + + − + Φ⎢ ⎥⎣ ⎦             (5.34) 
 2 2 21 4cos cos 4cos( ) cos cos
9 2 3 2
b b
a a
πτ ψΦ Φ⎡ ⎤≈ Φ + − − + Φ⎢ ⎥⎣ ⎦
            (5.35) 
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Further approximations will then reduce the expressions to 
 2 2 1/ 21 1(4 )
3 4a b a b
γ ≈ Φ + Φ −Φ Φ                    (5.36) 
 2 2 2 1/ 21 1 3 3(3 3 )
3 2 2 8a b
α ψ ψ≈ + − − Φ − Φ                  (5.37) 
 2 2 1/ 21 1 1( )
3 4 2a b a b
β ≈ Φ + Φ + Φ Φ                  (5.38) 
 2 2 1/ 21 (3 2 3 3 )
3 a
τ ψ ψ≈ − + − Φ .                   (5.39) 
The simplified expressions thus obtained in Equations (5.36)-(5.39) for the scattering-
coefficient magnitudes led us to draw the following inferences which are applicable to 
a reasonably well-designed coupler that is loss-free:  
● For γ  and β  in Equations (5.36) and (5.38) respectively, we obtain positive 
semi-definite quadratic forms in aΦ and bΦ  after neglecting the contributions 
of  a bψ Φ Φ  and higher-order products. As illustrated in Figure 5.1, γ  and β  
can be kept below -20 dB when both aΦ and bΦ  lie within the range from -20º 
to +20º. 
● Since the terms in ψ  appear in Equations (5.37) and (5.39) but not in 
Equations (5.36) and (5.38), the behavior of α and τ  will not be influenced 
by the values of γ  and β  (e.g., when 0a bΦ = Φ = , both γ  and β  will 
reduce to zero as required but α and τ  may still stray from their ideal-case 
values). 
 





































Figure 5.1: First-order variations of γ  and β  with  aΦ  and bΦ  
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Figure 5.2: First-order variations of α  and τ  with ψ  
It is evident from Equations (5.37) and (5.39) that ψ  plays a significant role in 
determining the behavior of α  and τ . Their inter-relationships for the 0a bΦ = Φ =  
case are depicted in Figure 5.2 where ψ  is within ±30º from its ideal-case value of 
zero. Neglecting all second-order terms in aΦ and bΦ  allows us to approximate 
Equations (5.37) and (5.39) as straight lines after we disregard the convexity of the 
curves depicted in Figure 5.2:  
 1/ 21 3 1(3 3 )
3 3 6
α ψ ψ≈ + ≈ +                 (5.40) 
 1/ 21 3 1(3 2 3 )
3 3 3
τ ψ ψ≈ − ≈ −                  (5.41) 
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We observe from Equations (5.40)-(5.41) that the first-order departures of α  and τ  
from their ideal-case values are related via  
 1 12
3 3
τ α⎛ ⎞− = − −⎜ ⎟⎝ ⎠
                 (5.42) 
In addition, we find that the phase difference between these two transmission 
























⎡ ⎤− − + Φ⎢ ⎥= ⎢ ⎥Φ⎢ ⎥− − + Φ +⎣ ⎦
⎡ ⎤− + Φ⎢ ⎥− ⎢ ⎥Φ⎢ ⎥− + Φ +⎣ ⎦
 
    2 1
3 2
π ψ≈ ± + .                (5.43) 
We thus infer from Equations (5.40)-(5.43) that any incremental increase of Δ in α  
will be accompanied by an increase of 3Δ and decrease of 2Δ in arg( / )τ α  and τ  
respectively. 
5.2  Design Targets for Optimization 
To function as the core component of a six-port reflectometer set-up as depicted in 
Figure 5.3, the symmetrical six-port coupler should have a short-circuit termination 
placed at one port with three of the other ports connected to power detectors. The 
source and DUT (device under test) will then have to be connected to the remaining 
two ports. 































Figure 5.3: Schematic diagram of symmetrical six-port coupler configured as six-port reflectometer 
To spell out the coupler’s design specifications for this particular application, we need 
first to understand the operation of the circuit depicted in Figure 5.3 by starting from 
B SA=                 (5.44) 
where S  is the scattering matrix of the coupler, and A  and B  are the input and output 
wave vectors respectively. For the reflectometer to operate properly, each power 
detector should receive two constituent waves: in addition to the wave that has been 
transmitted from Port 1 to the DUT and then reflected to the power detector after 
passing again through the coupler, there must be another wave that reaches the power 
detector via a different path without having been reflected by the DUT. Since Port 1 is 
isolated from Ports 3 and 5, we need to place a short-circuit termination at Port 6 to 
provide paths for waves to reach power detectors P3 and P5 without reflection from 
the DUT. 
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In the ideal case when the coupler’s scattering coefficients are given by Equation (5.1) 
and the power detectors are well-matched, the input waves will be given by 
  3 4 5 0a a a= = =                (5.45) 
  6 6a b= −                  (5.46) 
  2 2a b= Γ                 (5.47) 
Equation (5.44) can then be re-written as 
   
1 0 0 0 1
2 0 0 0 2
3 0 0 0
4 0 0 0
5 0 0 0
0 0 0 66
0 0 0
0 0 0
0 0 0 0
0 0 0 0














⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥Γ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥=⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥−⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎣ ⎦ ⎣ ⎦⎣ ⎦
              (5.48) 
Expanding Equation (5.48) will then yield 




α= Γ −                  (5.49) 




τα α= Γ −                 (5.50) 




αα τ τ= Γ −                 (5.51) 




τ=                   (5.52) 
As already explained in Sub-Section 2.1.2, it is possible to provide a geometrical 
interpretation for Equations (5.49)-(5.51) by associating each with a circle in the 
complex Γ  plane. Solving Equations (5.49)-(5.51) simultaneously for the unknown 
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Γ  of the DUT is thus equivalent to the relatively simpler problem of geometrically 
finding the common intersection of the three associated circles in the complex Γ  
plane. 
Equations (5.49)-(5.51) require the waves 1a  and 1b  at Port 1 to be determined. Figure 
5.4 presents two ways of doing so with the addition of the four-port directional 
coupler to the basic circuit depicted in Figure 5.3. For the two configurations 
proposed in Figure 5.4, the additional power detector PR is used to measure the power 
carried by 1b . As for the reference power detector required to monitor 1a , 
Configurations I and II use 4P  and FP  respectively to provide the reference power 
reading. In the ideal case, both configurations are actually the same because 4b  and 1a  
are related via Equation (5.52). In practice, however, hardware imperfections exist 
and we have found Configuration II to be superior in terms of overall reflectometer 
performance. 
For both configurations, it can be easily shown that the three circles associated with 
Equations (5.49)-(5.51) have centers (denoted by q1, q2 and q3 respectively) which in 
the ideal case are given by  
  1 1q =                    (5.53) 
  03
0
q τα=                 (5.54) 
  05
0
q ατ=                  (5.55) 
 








Figure 5.4: Two possible six-port reflectometer configurations based on symmetrical six-port 
coupler together with directional coupler 
(a) Configuration I with 4P  serving as reference power detector [22] 
(b) Configuration II with FP  serving as reference power detector [19] 
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We infer from Equations (5.53)-(5.55) that the three circle centers (which we shall 
refer to as q-points) should have magnitudes of unity and angular separations of π32  
[2, 82]. In practice, hardware imperfections may cause the q-points to stray from their 
predicted locations over the operating bandwidth. According to [83], the ratio of any 
two q-point magnitudes may be as large as 4 and their angular separation may be as 
small as 25º for the six-port reflectometer to continue operating satisfactorily. For our 
own design, we prefer to impose more stringent constraints on the q-point behavior 
and thus choose the following optimization goals to ensure that any departures of the 
symmetrical six-port coupler’s scattering coefficients from their ideal-case values will 
still remain within acceptable limits for six-port reflectometer application: 
  0.1β ≤                                (5.56) 
  0.1γ ≤                                (5.57) 
  0.15α ζ− ≤                  (5.58) 
  0.15τ ζ− ≤                  (5.59) 
  5arg( / )
2 6
π πτ α≤ ≤                 (5.60) 
where 2 2 2 2( 2 2 )/3ζ γ α β τ= + + +  is a useful parameter we introduced to 
provide a measure of the total power leaving three of the ports for any input power. 
To design such a coupler, we need to minimize the following error function based on 
(5.56)-(5.60) at sample frequency points kf  over the requisite bandwidth: 
   2 2 21 2 3
1
( ){ ( ) ( ) ( )
k K
error k k k k
k
fF w k w k w f ζγ β α=
=
−= + +∑  
  [ ] 224 5( )( ) arg ( ) / ( ) 2 / 3 }k k k kfw f w f fζτ τ α π−+ + −             (5.61) 
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We have found it necessary to empirically adjust the weights 1w , 2w , 3w , 4w  and 5w  
attached to the five optimization goals in order to accelerate convergence behavior 
during the iterative search process for a suitable coupler design. Another option that 
may be considered is to set the weights to be the inverse of the range of the 
corresponding scattering coefficients (e.g., 1w =1/0.1). We have already inferred from 
our first-order analysis in Section 5.1 that any incremental increase of Δ in α  may 
give rise to a difference of 3Δ between τ  and α , and particular attention should 
thus be paid to the relative adjustment of 3w  and 4w  during the design optimization 
process. 
5.3  Intermediate Coupler Designs 
The closed-form expressions derived in Chapter 3 allow us to explore a variety of 
designs for the symmetrical six-port coupler to be used as the key component of a six-
port reflectometer. Based on the optimization considerations discussed in Section 4.2, 
we have found from trials that Genetic Algorithm is suitable for searching the global 
minimum of the error function defined in Equation (5.61) over as wide a frequency 
range as possible. 
As depicted in Figure 3.3, the fundamental coupler structure comprises a single ring 
with six external arms. It is possible to develop design guidelines for such a coupler to 
meet certain of the optimization goals at selected frequencies. However, we have 
since found it difficult to improve the overall performance of this simple design 
beyond a certain level: although it is not difficult to obtain a design with, for example, 
residual mismatch less than -20dB, our attempts to find a prototype that is able to 
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stringently meet all of the (5.56)-(5.60) optimization goals over a sufficiently wide 
bandwidth have thus far not been successful if we insist on retaining the single-ring 
structure. 
By adding a second ring as depicted in Figure 3.3 to the fundamental coupler structure, 
the search algorithm has managed to find a design that meets all of the (5.56)-(5.60) 
optimization goals over a 15% bandwidth. Listed in Table 5.1 are the dimensions of 
the double-ring coupler design returned by the optimization software. As can be seen 
from Figure 5.5, there is very good agreement between the predicted and measured 
results.  
 
Coupler Element Optimized Dimensions 
outer ring radius of 1206 mil and width of 17 mil 
inner ring radius of 620 mil and width of  69 mil 
ring-to-ring links length of 543 mil and width of 11 mil  
50Ω external arms width of 57 mil 
substrate relative permittivity of 10 and height of 62 mil 
Table 5.1: Dimensions of intermediate prototype based on structure depicted in Figure 3.11 
 
If we progressively reduce the radius of the inner ring of the double-ring structure to 
nearly zero, the six ring-to-ring links will in the limit function as six spokes radiating 
from a central hub as depicted in Figure 3.6. For this single-ring-with-star structure, 
the search algorithm has not been able to find a design with a bandwidth broader than 
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that for the double-ring coupler. Judah et al. had already fabricated such a coupler 
(with extended-length spokes) and the measured bandwidth they reported in [22] was 
only 7%. Hence, the single-ring-with-star structure does not appear to be particularly 
promising.  
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(c)           (d) 
Figure 5.5: Scattering-coefficient magnitudes for intermediate prototype depicted in Figure 3.11 with dimensions listed in Table 5.1  
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Moving to the composite structure depicted in Figure 3.13(a) where we now combine 
the double-ring and star-junction options, the search algorithm has been able to find 
another design that yields a marginal improvement in bandwidth from 15% in Figure 
5.5 to 18% in Figure 5.6. Listed in Table 5.2 are the dimensions of the double-ring-
with-star coupler design returned by the optimization software. The agreement 
between the predicted and measured results in Figure 5.6 is not as good as what we 
obtained for the corresponding plots of Figure 5.5; the minor deterioration in accuracy 
is possibly due to the additional complexities we incorporated into the composite 
design. 
Another option is to rotate the six ring-to-ring links by 30º as depicted in Figure 5.7. 
Also included are linear tapers for impedance matching purposes. Listed in Table 5.3 
are the dimensions of the new double-ring-with-star coupler design returned by the 
optimization software. The fabricated coupler meets the (5.56)-(5.60) specifications 
over a measured bandwidth of 41% as can be seen from the test results in Figure 5.8. 
Coupler Element Optimized Dimensions 
outer ring radius of 1199 mil and width of 18 mil 
inner ring radius of 652 mil and width of 114 mil 
ring-to-ring links length of 481 mil and width of 11 mil  
central star length of 595 mil and width of 10 mil 
50Ω external arms width of 57 mil 
substrate relative permittivity of 10 and height of 62 mil 
Table 5.2: Dimensions of intermediate prototype based on structure depicted in Figure 3.13(a) 
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(c)           (d) 
Figure 5.6: Scattering-coefficient magnitudes for intermediate prototype depicted in Figure 3.13(a) with dimensions listed in Table 5.2 




Figure 5.7: Intermediate prototype (based on double-ring-with-star and 
tapers) with optimized dimensions listed in Table 5.3 
 
 
Coupler Element Optimized Dimensions 
outer ring radius of 810 mil and width of 128 mil 
inner ring radius of 660 mil and width of 10 mil 
tapers outside outer ring length of 83 mil and widths of 57 mil and 107 mil 
tapers at hub length of 255 mil and widths of 160 mil and 98 mil 
links between outer ring  
and external taper length of 496 mil and width of 107 mil 
links between inner ring  
and tapers at hub length of 400 mil and width of 160 mil 
ring-to-ring links length of 81 mil and width of 10 mil 
50Ω external arms width of 57 mil 
substrate relative permittivity of 10 and height of 62 mil 
Table 5.3: Dimensions of intermediate prototype based on structure depicted in Figure 5.7 
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(a)           (b) 
























   






















(c)           (d) 
Figure 5.8: Scattering-coefficient magnitudes for intermediate prototype depicted in Figure 5.7 with dimensions listed in Table 5.3
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5.4  Finalized Coupler Design 
Our intermediate design efforts in Section 5.3 have indicated that the double-ring-
with-star structure depicted in Figure 5.7 appears to be the most promising. Before 
ending our design search process, we also ought to consider in detail whether there 
are any final-stage refinements that we may additionally incorporate for fine-tuning 
the overall performance of such a coupler structure. Listed in Table 5.4 are the 
dimensions of the finalized coupler design returned by the optimization software. As 
depicted in Figure 5.9, we have found from the final-stage refinements explored by 
the search algorithm that it is possible to remove the six linear tapers placed at the hub 
of the central star junction if we allow the width of the outer ring to be non-uniform 
(whilst retaining the six-fold rotational symmetry of the composite structure). The 
detailed results presented in Figure 5.10 - Figure 5.18 confirm that our finalized 
coupler design meets all of the (5.56)-(5.60) optimization goals over 0.90-1.48 GHz, 
hence yielding a measured bandwidth of 49% that exceeds what we managed to 
obtain in Section 5.3.  
Since there is general correspondence between the predicted and measured results in 
Figure 5.10 - Figure 5.18, the closed-form expressions utilized by our computer 
model may be of interest to other researchers who intend to adapt this particular 
design for their own applications. We therefore reproduce the eigen-admittance 
equations which we refined in accordance with the eigenmode-analysis process 
outlined in Chapter 3. The symbols we employed in Equations (5.62)-(5.68) to 
represent the various electrical parameters associated with the composite structure of 
Figure 5.9 are explained in Table 5.4. 
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              (5.62) 
(b) eigen-admittance when looking into any of the six links protruding from the inner 
ring (which encloses the central star junction) 
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(c) eigen-admittance when looking into any port of the double-ring-with-star structure 
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  1 1 2ring section sectionθ θ θ≈ +                 (5.67) 
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(d) eigen-admittance when looking into any port of the composite structure 
As explained in sub-Section 3.2.10, each taper may be approximated as a cascade 
of P  fractional steps with the electrical angle of the pth length along the taper 
taken as ( ) pθΔ  and we can thus apply the following formula iteratively 
 











+ Δ= + Δ                 (5.68) 
where the p = 1 term for initiating the iterations is ˆ( )m link2Y  which we already 
derived in Equation (5.65). The term corresponding to the final p P=  iterative 
step in Equation (5.68) will then be the eigen-admittance mˆY  looking into any 
port of the composite coupler structure depicted in Figure 5.9.  
 
 
Figure 5.9: Finalized design for symmetrical six-port microstrip coupler 
(with optimized dimensions listed in Table 5.4) suitable for 
six-port reflectometer application 
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Coupler Element Associated Subscript in (5.62)-(5.68) Optimized Dimensions 
central star star length of 818 mil and width of 142 mil 
inner ring ring2 radius of 824 mil and width of 12 mil 
ring-to-ring links  link2 length of 130 mil and width of 10 mil  
outer ring 
ring1 
(section1 for wider 
portion and section2 
for narrower portion) 
radius of 1029 mil and widths of 138 
mil (for wider portion) and 126 mil (for 
narrower portion) 
links from outer 
ring to tapers link1 length of 663 mil and width of 112 mil 
tapers p length of 129 mil and width from 57 mil to 112 mil 
50Ω external arms arm width of 57 mil 
substrate – relative permittivity of 10 and height of 62 mil 
Table 5.4: Dimensions of finalized prototype based on structure depicted in Figure 5.9 
 
The measured scattering-coefficient data that meet all the (5.56)-(5.60) optimization 
goals may also be utilized to test the validity of Equation (5.42) which resulted from 
the first-order analysis we conducted in Section 5.1 under loss-free assumptions. To 
allow for the possibility of ohmic, substrate or even radiation losses in the measured 
data when processing the results for the regression plot of Figure 5.19, we shall utilize 
the parameter ζ  which we already defined in Section 5.2 for our earlier use in the 
error function of Equation (5.61) in conjunction with the associated optimization 
goals. 
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Figure 5.10: Magnitude variation of γ  for finalized prototype depicted in 
Figure 5.9 with dimensions listed in Table 5.4 


















Figure 5.11: Magnitude variation of α  for finalized prototype depicted 
in Figure 5.9 with dimensions listed in Table 5.4  
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Figure 5.12: Magnitude variation of β  for finalized prototype depicted 
in Figure 5.9 with dimensions listed in Table 5.4  


















Figure 5.13: Magnitude variation of τ  for finalized prototype depicted in 
Figure 5.9 with dimensions listed in Table 5.4  
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Figure 5.14: Phase variation of γ  for finalized prototype depicted in 
Figure 5.9 with dimensions listed in Table 5.4  

















Figure 5.15: Phase variation of α  for finalized prototype depicted in 
Figure 5.9 with dimensions listed in Table 5.4  
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Figure 5.16: Phase variation of β  for finalized prototype depicted in 
Figure 5.9 with dimensions listed in Table 5.4  

















Figure 5.17: Phase variation of τ  for finalized prototype depicted in 
Figure 5.9 with dimensions listed in Table 5.4  
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Figure 5.18: Variation of phase difference between α  and τ  for final prototype 
depicted in Figure 5.9 with dimensions listed in Table 5.4 
 
 
Figure 5.19: Using measured results for finalized prototype depicted in Figure 5.9 to 
check validity of Equation (5.42) 
××× scatter plot for measured data 
– – – line representing regression plot 
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τ αΔ = − Δ −
=
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Figure 5.19 presents the plot of τ τ ζΔ = −  against α α ζΔ = −  based on the data 
measured at selected frequencies within the operating bandwidth (i.e., f = 0.90, 0.92, 
0.94, …, 1.48 GHz). The minimal scatter of the measured-data points in Figure 5.19 
corroborates the validity of Equation (5.42) for first-order departures of α and τ  from 
0α and 0τ  respectively.  
5.5  Summary 
We have successfully utilized our easy-to-use computer model (based on the closed-
form expressions derived in Chapter 3) to design a number of symmetrical six-port 
microstrip couplers for use as the core component of a six-port reflectometer capable 
of yielding optimum measurement performance. Resembling a six-port directional 
coupler, our final prototype (based on the composite double-ring-with-star structure 
depicted in Figure 5.9) yields a measured bandwidth of 49% which, to the best of our 
knowledge, is the widest that has been reported thus far in the literature [22, 27, 28, 
84]. 
It is evident from the intermediate designs explored in Section 5.3 that our computer 
model can readily accommodate structural modifications (which must be in keeping 
with the six-fold rotational symmetry of the coupler structure). For ease of reference, 
we also present in Table 5.5 a summary of the various designs we explored in our 
attempt to maximize the bandwidth of such a coupler for six-port reflectometer 
application. 
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Coupler Structure Novel Elements Bandwidth 
single-ring rudimentary structure — 
double-ring second ring 15% 
single-ring-with-star star 7% 
double-ring-with-star second ring and star 18% 
double-ring-with-star second ring, star, rotated links and step transformers on external arms 25% 
double-ring-with-star second ring, star, rotated links, and linear tapers at central hub and on external arms 41% 
double-ring-with-star 
(final design) 
second ring, star, rotated links, linear tapers on 
external arms and step transformers on ring 49% 
Table 5.5: Prototype structures explored in Chapter 5 
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Chapter 6 Six-Port Power Divider  
 
Another application explored by Riblet and Hansson [24] is to design the symmetrical 
six-port coupler as a five-way power divider with the following scattering matrix:  
  
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
ideal
0 0 0 0 0
0 0 0 0 0








α β τ β α
α α β τ β
β α α β τ
τ β α α β
β τ β α α
α β τ β α
⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
     (6.1) 
where /0 0 0 1 5α β τ= = = . For such a coupler, the power carried by the input 
wave at any port will be equally divided among the output waves at the other five 
ports. Since the prototype fabricated by Riblet and Hansson [24] has a bandwidth of 
only 10% due to the inherent limitations of the fundamental coupler structure, we thus 
utilize our optimization software to search for another coupler design with a wider 
bandwidth. 
6.1  First-Order Analysis 
The results reported by Riblet and Hansson [24] indicate that the ideal-case 
specifications listed in Equation (6.1) may not be rigorously met in practice. It will 
thus be helpful to perform first-order analysis to gain some insight into the behavior 
of an imperfectly-designed coupler. To capitalize on our eigenmode analysis in 
Chapter 3, we begin by considering the eigenvalues mλ  (where m = 0, 1, 2, 3 is the 
order of the corresponding eigenmode). Assuming that the coupler is free from 
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metallic, substrate or radiation losses, we may express the four unit-magnitude 
eigenvalues as 
  exp0 jλ φ=              (6.2) 
  ( )1exp1 jλ φ φ= +         (6.3) 
  ( )2exp2 jλ φ φ= +        (6.4) 
  ( )3exp3 jλ φ φ= +         (6.5) 
φ  is an arbitrary angle determined by the reference plane. To derive relationships 
among the other three phase parameters 1φ , 2φ  and 3φ  for the proposed power-divider 
application, we have to re-write Equations (3.8)-(3.11) as 
  2 2 00 1 2 3λ λ λ λ+ + + =       (6.6) 
  060 1 2 3λ λ λ λ α+ − − =       (6.7) 
  060 1 2 3λ λ λ λ β− − + =       (6.8) 
  02 2 60 1 2 3λ λ λ λ τ− + − =       (6.9) 
It is evident from Equations (6.6) and (6.9) that  
  02 30 2λ λ τ+ =                    (6.10) 
  02 31 3λ λ τ+ = −                (6.11) 
Applying cosine law to the geometrical triangle represented by Equation (6.10) yields 
  2 2 20 23 2 2 2 cos0 2 0 2τ λ λ λ λ φ= + +              (6.12) 
which thus provides the expected value of 2φ  as 











τ λ λφ φλ λ
− −− −= = − =             (6.13) 
where 10 cos ( 4 / 5)φ −= − . Repeating for Equation (6.11) will similarly yield  
  3 1 0φ φ φ− =                  (6.14) 
Substituting Equations (6.13)-(6.14) into Equation (6.7) allows us to obtain the 
expected value of 1φ  via 
  0 1 01 ( ) ( )( ) 06
j jjje e e eφ φ φ φ φφ φφ α+ + +++ − − =              (6.15) 
  01 0(1 )(1 ) 6









α=> + = −               (6.17) 
  1
0 0








α=> + = = =− −             (6.18) 
  11 1 2cos 2φ=> + + =                   (6.19) 
  1 / 2φ π=> = ±                    (6.20) 
Equation (6.6) is valid only when 1 / 2φ π= −  and we shall therefore disregard the 
1 / 2φ π= +  option. We also arrive at the same inference for Equation (6.8). 
Consolidating what we obtained thus far, the ideal-case expressions for the 
eigenvalues are thus given by 
  0 exp jλ φ=                 (6.21) 
  ( )
21
exp j πλ φ= −                           (6.22) 
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  0( )2 exp jλ φ φ= +                           (6.23) 
  0( )23
exp j πλ φ φ= − +                            (6.24) 
For an imperfectly-designed coupler, we ought to re-write the ideal-case scattering 
matrix of Equation (6.1) as  
  actualS
γ α β τ β α
α γ α β τ β
β α γ α β τ
τ β α γ α β
β τ β α γ α
α β τ β α γ
⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
.              (6.25) 
We also have to modify the ideal-case eigenvalue expressions in Equations (6.21)-
(6.24) to 
  0 exp jλ φ=                       (6.26) 
  ( )
21
exp j πλ φ ψ= − +                           (6.27) 
  0( )2 aexp jλ φ φ= + +Φ                          (6.28) 
  0( )23 b
exp j πλ φ φ ψ= − + + +Φ                          (6.29) 
where 10 cos ( 4 / 5)φ −= −  and φ  depends on the location of the reference planes. For 
our first-order analysis, we assume minor departures from the design specifications 
with near-zero magnitudes for ψ , aΦ  and bΦ . Substituting Equations (6.26)-(6.29) 
into Equations (3.8)-(3.11) allows the corresponding scattering coefficients to be 
expressed as 




1 1 1 2 1[( cos cos cos sin sin cos sin
10 10 3 15 5
2 1 1 1 2cos sin sin sin ) ( cos cos cos cos
15 10 3 5 15
j
a b b a
b b a b
e
j
φγ ψ ψ ψ
ψ ψ ψ ψ
−= Φ + Φ + − Φ − Φ
−− Φ − Φ + + Φ + Φ
      1 1 1 2sin cos sin cos sin sin sin )]
10 10 10 15b a b b
ψ ψ ψ+ Φ − Φ + Φ − Φ           (6.30) 
 
 
3 1 1 2 1[( cos cos cos sin sin cos sin
10 10 6 15 10
2 1 1 1 2cos sin sin sin ) ( cos cos cos cos
15 10 6 10 15
j
a b b a
b b a b
e
j
φα ψ ψ ψ
ψ ψ ψ ψ
= Φ − Φ + + Φ + Φ
−+ Φ + Φ + − Φ − Φ
       1 3 1 2sin cos sin cos sin sin sin )]
10 10 10 15b a b b
ψ ψ ψ− Φ + Φ − Φ + Φ          (6.31) 
 
 
3 1 1 2 1[( cos cos cos sin sin cos sin
10 10 6 15 10
2 1 1 1 2cos sin sin sin ) ( cos cos cos cos
15 10 6 10 15
j
a b b a
b b a b
e
j
φβ ψ ψ ψ
ψ ψ ψ ψ
= Φ + Φ − − Φ + Φ
− Φ − Φ + − Φ + Φ
       1 3 1 2sin cos sin cos sin sin sin )]
10 10 10 15b a b b
ψ ψ ψ+ Φ + Φ + Φ − Φ          (6.32) 
 
 
1 1 1 2 1[( cos cos cos sin sin cos sin
10 10 3 15 5
2 1 1 1 2cos sin sin sin ) ( cos cos cos cos
15 10 3 5 15
j
a b b a
b b a b
e
j
φτ ψ ψ ψ
ψ ψ ψ ψ
−= Φ − Φ − + Φ − Φ
+ Φ + Φ + + Φ − Φ
 
       1 1 1 2sin cos sin cos sin sin sin )]
10 10 10 15b a b b
ψ ψ ψ− Φ − Φ − Φ + Φ         (6.33) 
 
For power-divider application, we need to focus on the inter-relationships among the 
four scattering-coefficient magnitudes. By neglecting the contributions of all higher-
order expansion terms, we can approximate Equations (6.30)-(6.33) as 
 2 1 (17 12cos cos 3cos cos cos 8cos
90 a a b b
γ ψ ψ≈ − Φ + Φ Φ − Φ    
       9sin sin 3sin sin 3sin sin )a b a bψ ψ− Φ − Φ + Φ Φ                          (6.34) 
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 2 1 (14 4cos 18sin 12sin
90 b a b
α ≈ + Φ − Φ + Φ   
                  3sin sin 18sin 3sin sin )a b bψ ψ− Φ Φ + + Φ              (6.35) 
 
 2 1 (14 4cos 18sin 6sin
90 b a b
β ≈ + Φ + Φ − Φ   
                  3sin sin 18sin 3sin sin )a b bψ ψ+ Φ Φ − − Φ              (6.36) 
 
 2 1 (17 12cos cos 3cos cos cos 8cos
90 a a b b
τ ψ ψ≈ + Φ − Φ Φ − Φ   
                 9sin sin 12sin 3sin sin 3sin sin )a b b a bψ ψ+ Φ − Φ + Φ − Φ Φ           (6.37) 
 




20 10 20 30 30 36
a a b a b bψ ψψγ Φ Φ Φ Φ Φ Φ≈ − + − + +               (6.38) 
 
2
1/ 22 71 (1 )
3 6 6 725
b b a b b
a
ψα ψ Φ Φ Φ Φ Φ≈ + −Φ + + − −              (6.39) 
 
2
1/ 271 (1 )
3 6 6 365
b b a b b
a
ψβ ψ Φ Φ Φ Φ Φ≈ − +Φ − − + −             (6.40) 
 
2 22
1/ 22 111 (1 )
4 2 4 3 6 36 65
a a b a b b bψ ψψτ Φ Φ Φ Φ Φ Φ Φ≈ − + − − − + +            (6.41) 
Retaining only the dominant and first-order terms will reduce Equations (6.38)-(6.41) 
to 
 0γ ≈                   (6.42) 
 1/ 221 1(1 ) (1 )
3 2 2 35 5
b a b
a
ψα ψ Φ Φ Φ≈ + −Φ + ≈ + − +             (6.43) 
 1/ 21 1(1 ) (1 )
3 2 2 65 5
b a b
a
ψβ ψ Φ Φ Φ≈ − +Φ − ≈ − + −              (6.44) 
 1/ 221 1(1 ) (1 )
3 35 5
b bτ Φ Φ≈ − ≈ −               (6.45) 
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If we are able to arrange for 0aψ = Φ = , we can then infer from the bΦ  terms 
remaining in Equations (6.43)- (6.45) that any incremental increase of Δ in τ  will be 
accompanied by a decrease of Δ and increase of Δ21  in α  and β  respectively. If, 
instead, we are able to arrange only for bΦ = 0, these three transmission coefficients 
may not have the same magnitude of 
5
1  because the first-order expressions for α  
and β  contain the two additional terms in ψ  and aΦ  which are absent in Equation 
(6.45). 
6.2  Optimization Targets  
We list the following optimization targets for the symmetrical six-port coupler to 
function as a five-way power divider: 
  0.1γ ≤                               (6.46) 
  0.18α ζ− ≤                  (6.47) 
  0.18β ζ− ≤                  (6.48) 
  0.18τ ζ− ≤                  (6.49) 
where 2 2 2(2 2 )/5ζ α β τ= + +  is a useful parameter we introduced to provide a 
measure of the total power leaving five of the ports for any input power. Although the 
criteria selected for this particular design is for equal power division, it is also 
possible for us to specify optimization targets based on unequal power division 
instead. 
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For the design optimization process, we choose the following error function based on 
(7.36)-(7.39) at sample frequency points kf  over the requisite bandwidth: 
  221 2
1
( ) ( ){ ( )
k K
error k k k
k
f fF w w fγ ζα=
=
−= +∑    
           2 23 4( ) ( )( ) ( ) }k k k kf fw f w fζ ζβ τ− −+ +                (6.50) 
In view of the inter-relationships among the three transmission coefficients obtained 
during our first-order analysis in Section 6.1, we have attached weights 1w , 2w , 3w , 
and 4w  to the four optimization goals for empirical adjustment during the design 
optimization process (based on Section 4.2) to search for a suitable symmetrical six-
port structure. 
6.3  Prototype Coupler 
Listed in Table 6.1 are the dimensions of the double-ring coupler design returned by 
the optimization software. The resultant structure depicted in Figure 6.1 bears some 
resemblance to the prototype we reported in Chapter 5 for six-port reflectometer 
application except for the following differences:  
● the non-uniform circumference of the outer ring has a different width-variation 
pattern  
● it is inferred from the near-zero width of the six spokes that the central star 
junction is no longer required. 




Figure 6.1: Proposed design for symmetrical six-port microstrip coupler 
(with optimized dimensions listed in Table 6.1)  suitable for 
five-way power divider/combiner application 
Coupler Element Associated Subscript in (6.51)-(6.56) Optimized Dimensions 
inner ring ring2 radius of 600 mil and width of 10 mil 
ring-to-ring links  link2 length of 376 mil and width of 63 mil  
outer ring 
ring1 
(section1 for wider 
portion and section2 for 
narrower portion) 
radius of 1046 mil and widths of 
130 mil (for wider portion) and 94 
mil (for narrower portion) 
links from outer 
ring to tapers link1 
length of 530 mil and width of 124 
mil 
linear tapers p length of 482 mil and width from 57 mil to 124 mil 
50Ω external arms arm width of 57 mil 
substrate – relative permittivity of 10 and height of 62 mil 
Table 6.1: Dimensions of prototype power divider/combiner depicted in Figure 6.1 
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Figure 6.2: Magnitude variations of γ  for prototype power divider 
depicted in Figure 6.1 with dimensions listed in Table 6.1  



















Figure 6.3: Magnitude variation of α  for prototype power divider 
depicted in Figure 6.1 with dimensions listed in Table 6.1  
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Figure 6.4: Magnitude variation of β  for prototype power divider 
depicted in Figure 6.1 with dimensions listed in Table 6.1  



















Figure 6.5: Magnitude variation of τ  for prototype power divider 
depicted in Figure 6.1 with dimensions listed in Table 6.1  
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The results we obtained for the prototype coupler (which we fabricated in-house) are 
presented in Figure 6.2 - Figure 6.5. There is excellent agreement between the 
predicted and measured data except for γ  over the 0.95-1.35 GHz frequency range. 
Actually, most of the return-loss measurements taken by HP8510C over the 0.98-1.42 
GHz bandwidth are below the γ  plot generated by our computer model. Based on 
the (6.46)-(6.49) optimization goals, the measured bandwidth of 36% attained by our 
prototype is much wider than the bandwidth of 10% reported for the design proposed 
by Riblet and Hansson [24].  
Since there is generally acceptable agreement between the predicted and measured 
results in Figure 6.2 - Figure 6.5, the closed-form expressions utilized by our 
computer model may be of interest to other researchers who intend to adapt this 
particular design for their own applications. We therefore collate the analytical 
expressions which had been separately developed under different sub-headings in 
Chapter 3. The symbols we employed in Equations (6.51)-(6.56) to represent the 
various electrical parameters associated with the composite coupler structure of 
Figure 6.1 are explained in Table 6.1.  
(a) eigen-admittance when looking into any of the links protruding from the inner ring 
 2 22 2 2 2
2 2
ˆ( ) tanˆ( ) ˆ( ) tan
m ring2 link link
m link2 link link link
link m ring2 link
Y jY




+= ++              (6.51) 
where 
 2 22 22 2
2 2 2
2ˆ( ) [cos( ) cos( )]
sin( )
ring ring





φ θθ= − +               (6.52) 
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(b) eigen-admittance when looking into any port of the double-ring structure 
      1 12 1 1 1
1 1
ˆ( ) tanˆ( ) ˆ( ) tan
m ring1 link link
m link2 link link link
link m ring1 link
Y jY




+= ++              (6.53) 
where 








ˆ2 cos( ) cos ( ) sin
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ring ring m B ring
ring









⎧ ⎫⎡ ⎤− −⎪ ⎪⎢ ⎥⎪ ⎪⎣ ⎦⋅⎨ ⎬⎪ ⎪+⎪ ⎪⎩ ⎭







+                   (6.54) 
      1 1 2ring section sectionθ θ θ≈ +                 (6.55) 
 
(c) eigen-admittance when looking into any port of the composite structure 
As explained in sub-Section 3.2.10, each taper may be approximated as a cascade 
of P  fractional steps with the electrical angle of the pth length along the taper 
taken as ( ) pθΔ  and we can thus apply the following formula iteratively: 
 











+ Δ= + Δ              (6.56) 
where the p = 1 term for initiating the iterations is ˆ( )m link2Y  which we already 
derived in Equation (6.55). The term corresponding to the final p P=  iterative 
step in Equation (6.56) will then be the eigen-admittance mˆY  looking into any 
port of the composite coupler structure depicted in Figure 6.1. 
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6.4  Summary 
Our simple-to-use eigenmode formulation has been successfully employed to analyze 
and design a symmetrical six-port microstrip coupler suitable for use as a five-way 
power divider/combiner. In contrast to the simple design with a bandwidth of only 
10% reported by Riblet and Hansson [24], our prototype yields a wider bandwidth of 
36%.  
It is possible to adapt our optimization process to design couplers that meet other 
power division/combination specifications as well; for example, our computer model 
can be readily used for designing multi-way power dividers with unequal power 
outputs (e.g. in [85]) or with restricted phase shifts (e.g. for the specifications outlined 
in [37, 86]). 
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Chapter 7 Six-Port Crossover  
 
With the ever-increasing complexity of microwave integrated circuits, lay-out and 
routing may pose even more problems for designers and there is thus a need to search 
for novel six-port couplers that yield the following scattering matrix (so as to allow 
three pairs of intersecting lines to cross each other while maintaining maximum 









0 0 0 τ 0 0
0 0 0 0 τ 0
0 0 0 0 0 τ
S
τ 0 0 0 0 0
0 τ 0 0 0 0
0 0 τ 0 0 0
⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
        (7.1) 
where 0 1τ =  in the ideal case. 
Although it is possible to resort to multi-layer and non-planar approaches, such circuit 
configurations may not always be convenient to implement. We shall offer a planar 
alternative by designing a symmetrical six-port coupler with the ideal-case properties 
of Equation (7.1). 
7.1  First-Order Analysis  
It is necessary to conduct first-order analysis in order to understand the behavior of 
the six-port symmetrical coupler (in its generic form) with scattering coefficients that 
have not strayed too much from the ideal-case settings listed in Equation (7.1). Before 
doing so, we need to consider the eigenvalues of such a coupler when designed for 
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crossover application. Following our discussion in Section 3.1, the scattering matrix 
defined in Equation (7.1) has only four distinct eigenvalues mλ  (where m = 0, 1, 2, 3 
is the order of the corresponding eigenmode). For the loss-free case, these unit-
magnitude eigenvalues may in general be represented by 
  exp0 jλ φ=              (7.2) 
  ( )1exp1 jλ φ φ= +         (7.3) 
  ( )2exp2 jλ φ φ= +        (7.4) 
  ( )3exp3 jλ φ φ= +         (7.5) 
For the proposed crossover application, the general inter-relationships among the four 
eigenvalues given in Equations (3.8)-(3.11) will have to be re-written as 
  2 2 00 1 2 3λ λ λ λ+ + + =       (7.6) 
  00 1 2 3λ λ λ λ+ − − =        (7.7) 
  00 1 2 3λ λ λ λ− − + =        (7.8) 
  02 2 60 1 2 3λ λ λ λ τ− + − =       (7.9) 
It is evident from Equations (7.7) and (7.8) that there are pairs of eigenvalues which 
are specially related via 
  0 2λ λ=                  (7.10) 
  1 3λ λ=                 (7.11) 
Substituting these relationships into Equations (7.6) and (7.9) will yield 
Chapter 7   Six-Port Crossover 
 
122 
  0 1λ λ= −                 (7.12) 
  00λ τ=                   (7.13) 
Equations (7.10)-(7.12) then allow us to express the eigenvalues as 
  0 exp jλ φ=                       (7.14) 
  ( )1 exp jλ φ π= −                           (7.15) 
  2 exp jλ φ=                            (7.16) 
  ( )3 exp jλ φ π= −                            (7.17) 
In general, the ideal-case scattering matrix defined in Equation (7.1) for the proposed 
six-port crossover application should be re-written as  
 .  actualS
γ α β τ β α
α γ α β τ β
β α γ α β τ
τ β α γ α β
β τ β α γ α
α β τ β α γ
⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
                   (7.18) 
To account for the first-order departures of the four eigenvalues from their expected 
values, we need to modify the ideal-case expressions obtained in Equations (7.14)-
(7.17) to  
  exp ( )0 ajλ φ= +Φ                   (7.19) 
  ( )exp1 bj  λ φ π ψ= − + +Φ                (7.20) 
  ( )exp2 ajλ φ= −Φ                 (7.21) 
  ( )exp3 bjλ φ π ψ= − + −Φ                 (7.22) 
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where φ  depends on the location of the reference planes (which need not be specified 
for this first-order analysis) and where ψ , aΦ  and bΦ  should in the ideal case be 
zero. Substituting Equations (7.19)-(7.22) into Equations (3.8)-(3.11) thus yields 




φγ ψ ψ= Φ − Φ + Φ   
                   ( 3sin cos sin cos sin )]b a bj ψ ψ+ − Φ − Φ − Φ                                   (7.23) 
 
 1 [(sin sin ) (sin cos sin )]
3
j
b a be j
φα ψ ψ= Φ + Φ − Φ             (7.24) 
 
 1 [( sin sin ) (sin cos sin )]
3
j
b a be j
φβ ψ ψ= − Φ + Φ + Φ                (7.25) 
 




φτ ψ ψ= Φ + Φ − Φ   
                  (3sin cos sin cos sin )]b a bj ψ ψ+ Φ − Φ + Φ                                    (7.26) 
By neglecting the contributions of all higher-order expansion terms, the scattering-
coefficient magnitudes will be given by 
 2 2 21 [9 4sin 4sin 3sin (sin cos cos sin )
18 a b a b a b
γ ψ≈ − Φ − Φ + Φ Φ + Φ Φ   
       cos (sin sin 9cos cos )]a b a bψ+ Φ Φ − Φ Φ                         (7.27) 
 
 2 2 21 (sin sin 2cos sin sin )
9 a b a b
α ψ≈ Φ + Φ − Φ Φ              (7.28) 
 
 2 2 21 (sin sin 2cos sin sin )
9 a b a b
β ψ≈ Φ + Φ + Φ Φ               (7.29) 
 
 2 2 21 9 4sin 4sin 3sin (sin cos cos sin )
18 a b a b a b
τ ψ⎡≈ − Φ − Φ − Φ Φ + Φ Φ⎣   
      ]cos ( sin sin 9cos cos )a b a bψ+ − Φ Φ + Φ Φ              (7.30) 
Further approximations allow Equations (7.27)-(7.30) to be reduced to 
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  1/ 22 2 21 12 6 ( ) 9 3
6 6b a a b a b b a
γ ψ ψ ψ⎡ ⎤≈ Φ +Φ + Φ Φ + Φ +Φ + = Φ +Φ +⎣ ⎦                (7.31) 
 
 2 2 1/ 21 1( 2 )
3 3a b a b a b
α ≈ Φ +Φ − Φ Φ = Φ −Φ                   (7.32) 
 
 2 2 1/ 21 1( 2 )
3 3a b a b a b
β ≈ Φ +Φ + Φ Φ = Φ +Φ                                (7.33) 
 
 2 2 2 1/ 22 17 17 9[18 3 ( ) ]
6 2 2 2a b a b a b
τ ψ ψ≈ − Φ − Φ −Φ Φ − Φ +Φ −  
     2 2 217 1 1 11 ( ) ( )
72 36 12 8a b a b a b
ψ ψ≈ − Φ +Φ − Φ Φ − Φ +Φ −                     (7.34) 
The simplified expressions thus obtained in Equations (7.31)-(7.34) for the scattering-
coefficient magnitudes led us to draw the following inferences which are applicable to 
a reasonably well-designed six-port crossover that is loss-free:  
● Since the terms in ψ  appear in Equations (7.31) and (7.34) but not in 
Equations (7.32)-(7.33), the behavior of γ  and τ  will not be influenced by 
the values of α  and β  (e.g., when a b 0Φ = Φ = , both α  and β  will 
reduce to zero as required but γ  and τ  may still stray from their ideal-case 
values). 
● When only 0aΦ =  or 0bΦ = , we infer from Equations (7.32)-(7.33) that 
α β=  and the power leakage into the four imperfectly-isolated ports will 
thus be the same.  
● When neither aΦ  nor bΦ  is zero, Equations (7.32)-(7.33) indicate that either 
α  or β  (but not both) may still be zero as shown in the three-dimensional 
plots of Figure 7.1.  
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● Unlike the other three scattering-magnitude expressions, Equation (7.34) has 
only second-order terms for the departure of τ  from its ideal-case value of 
unity. 
We notice that Equations (7.31) and (7.34) are symmetric in aΦ  and bΦ ; i.e., these 
two equations remain the same after we interchange the parameters aΦ  and bΦ  in the 
expressions for γ  and τ . This allows us to depict the variations of γ  and τ  in 
Figure 7.2 as three-dimensional plots in terms of only ψ  and aΦ  (with 0bΦ = ) as we 
may re-use the same plots to study the effect of bΦ  on the two scattering-coefficient 
magnitudes. 
In addition, we have derived the following first-order expansion for arg( )τ : 
 1 sin 3sin cos cos sinarg( ) tan
3cos 3cos cos sin sin
a b b
a b b
ψ ψτ φ ψ ψ
− ⎡ ⎤− Φ + Φ + Φ= + ⎢ ⎥Φ + Φ − Φ⎣ ⎦
 
  1 1 ( )
2 6 b a
φ ψ≈ + + Φ −Φ .               (7.35) 
Equation (7.35) indicates that the effect of ψ  appears to be three times that of either 
aΦ  or bΦ . 
7.2  Optimization Targets 
Based on the ideal-case specifications listed in Equation (7.1), we have drawn up the 
following list of optimization targets for designing the symmetrical six-port coupler to 
function as a six-port crossover:  






































Figure 7.1: First-order variations of α  and β  with aΦ  and bΦ  
 


































Figure 7.2: First-order variations of γ  and τ  with aΦ  and ψ  
 





dBγ ≤ −                   (7.36) 
  15
dB
dBα ≤ −                  (7.37) 
  15
dB
dBβ ≤ −                  (7.38) 
  2 0
dB
dB dBτ− ≤ ≤                 (7.39) 
To design such a coupler, we need to minimize the following error function based on 
(7.36)-(7.39) at sample frequency points kf  over the requisite bandwidth: 
 [ ]{ }K 22 2 2
1
( ) ( ) ( ) ( ) 1
k
error k k k k
k
f f f fF w w w wγ α β τγ α β τ
=
=
= + + + −∑                (7.40) 
It can be inferred from the first-order analysis we conducted in Section 7.1 that the 
four optimization goals are not completely independent of each other. Hence, we have 
found it necessary to empirically adjust the weights wγ , wα , wβ  and wτ  associated 
with the respective optimization goals in order to accelerate convergence behavior 
during the optimization iterations (based on Section 4.2) to search for a suitable six-
port crossover design: 
● In view of the first-order expressions obtained in Equations (7.31)-(7.34), we 
have chosen to pay more attention to the residual-mismatch and isolation 
criteria. 
● Unless the phase lag in the transmitted wave needs to be regulated for a 
special crossover application, Equation (7.35) does not suggest that we need to 
incorporate arg(τ) into the error function defined in Equation (7.40).  
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7.3  Prototype Crossover 
Listed in Table 7.1 are the dimensions of the double-ring coupler design returned by 
the optimization software (which actually has been able to meet -20dB targets for the 
predicted values of γ , α  and β ). The resultant structure depicted in Figure 7.3 
bears some resemblance to the prototype we reported in Chapter 6 for the five-way 
power-division application except for the obvious differences in physical dimensions 
(especially for the linear tapers on the external arms protruding from the outer ring); 
hence, there is no need for us to repeat the analytical expressions in Equations (6.51)-
(6.56). 
Although there is general correspondence between the predicted and measured data 
presented in Figure 7.4 - Figure 7.7, it is also obvious that the results taken by 
HP8510C for γ , α  and β  have unfortunately been affected by spurious effects 
over the 0.8-1.1 GHz frequency range. Hence, the optimization goals (7.36)-(7.39) we 
specified in Section 7.2 are set at the less stringent target of -15dB instead. The 
measured bandwidth of 1.00-1.06 GHz for our prototype crossover is only 6% which 
is narrower than what has been indicated by the scattering-coefficient plots generated 
by our computer model. In any event, it is not likely for us to obtain a broad-band six-
port crossover design if we restrict ourselves to the double-ring structure (with or 
without the central star junction) in view of the difficulty in arranging for isolation 
among four of the coupler’s ports as well as internal matching of all ports over a wide 
frequency range. 




Figure 7.3: Proposed design for symmetrical six-port microstrip coupler 
(with optimized dimensions listed in Table 7.1)  suitable for 
three-way crossover application 
Coupler Element Associated Subscripts in Equations (6.51)-(6.56) Optimized Dimensions 
inner ring ring2 radius of 986 mil and width of 248 mil 
ring-to-ring links  link2 length of 551 mil and width of 224 mil  
outer ring 
ring1 
(section1 for wider 
portion and section2 for 
narrower portion) 
radius of 1700 mil and widths of 142 
mil (for wider portion) and 78 mil (for 
narrower portion) 
links from outer 
ring to tapers link1 length of 663 mil and width of 32 mil  
linear tapers P length of 591 mil and width from 57 mil to 32 mil 
50Ω external arms arm width of 57 mil 
substrate – relative permittivity of 10 and height of 62 mil 
Table 7.1: Dimensions of six-port crossover depicted in Figure 7.3 
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Figure 7.4: Magnitude variation of γ  for prototype crossover depicted in 
Figure 7.3 with dimensions listed in Table 7.1 



















Figure 7.5: Magnitude variation of α  for prototype crossover depicted in 
Figure 7.3 with dimensions listed in Table 7.1 
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Figure 7.6: Magnitude variation of β  for prototype crossover depicted in 
Figure 7.3 with dimensions listed in Table 7.1 



















Figure 7.7: Magnitude variation of τ  for prototype crossover depicted in 
Figure 7.3 with dimensions listed in Table 7.1  
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7.4  Summary  
We have demonstrated the possibility of designing the symmetrical six-port coupler 
for use as a six-port crossover in planar circuits. The difficulty of arranging for four 
ports to be isolated from the port with the input wave has resulted in a measured 
bandwidth of only 6% for our microstrip prototype. Actually, the scattering-
coefficient plots generated by our computer model in Figure 7.4 - Figure 7.7 indicate 
that it may be possible to obtain a slightly wider bandwidth for such a planar design 
(if not for the deviation between the predicted and measured results near the design 
frequency).  
Since the planar crossover structure is useful for designers of microwave integrated 
circuits who often encounter problems with the layout of single-layer circuits and 
routing of connecting lines, we will follow up by extending the analysis and design 
for the six-port crossover in this chapter to also consider the possibility of analyzing 
and designing its four-port counterpart (with reduced structural complexity) in 
Chapter 8.  
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Chapter 8 Four-Port Crossover  
 
In Chapter 7, we have investigated the possibility of designing the symmetrical six-
port coupler to function as a six-port crossover. Actually, it may be more likely to find 
four-port crossovers in microwave circuits (e.g., for feeding a cross-slot antenna for 
dual-polarization [29]). 




Figure 8.1: Schematic diagram of symmetrical four-port coupler for crossover application 
The investigation we initiated in Chapter 7 may be readily expanded to explore the 
use of the symmetrical four-port coupler as a four-port crossover. In fact, it ought to 
be easier to design such structures in view of their reduced structural complexity. For 
a pair of intersecting lines to cross each other while maintaining maximum isolation 
between the two signal paths as depicted schematically in Figure 8.1, the four-port 
crossover should ideally have the following scattering matrix:  


















⎡ ⎤⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎣ ⎦
                (8.1)
where 0 1β = .  
Designers of microwave integrated circuits have often resorted to non-planar forms of 
crossover structures such as those reported in [51, 54, 55, 87]. However, the use of air 
bridges and other multi-layered configurations may not always be convenient for 
certain situations and we thus revert to consider planar structures instead: 
● in general, it is well known [1, 88] that the scattering matrix of the cross junction 
formed by two intersecting lines does not meet the specifications listed in 
Equation (8.1) 
● for de Ronde’s design [12], the original intention is to enclose the cross junction 
within a uniform ring but distortions of the ring and spokes have been found to be 
necessary when implementing such a coupler in microstrip form 
● the annular-ring coupler reported in [89] offers only a narrow bandwidth since 
the crossover properties of this particular structure are inherently due to its TM31 
resonance mode  
● the possibility of using the symmetrical four-port disc has been explored in [14] 
but the measured results do not indicate that such a structure is suitable for 
crossover application 
● it has also been suggested that two hybrid couplers may be cascaded [58] to yield 
a composite four-port coupler with crossover properties. 
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8.1  First-Order Analysis 
In view of hardware imperfections, the ideal-case scattering matrix specified in 
Equation (8.1) should instead be re-written as  
  actualS
γ α β α
α γ α β
β α γ α
α β α γ
⎡ ⎤⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎣ ⎦
                          (8.2) 
Depicted in generic form in Figure 8.1, the symmetrical four-port coupler supports 
only three eigenmodes. By tailoring the formulation outlined in Chapter 3 to our 
analysis of the symmetrical four-port structure, we have found that the scattering 
matrix’s three eigenvalues mλ  (where m = 0, 1, 2 is the order of the corresponding 
eigenmode) are related to the scattering coefficients α , β  and γ  via 
  1 ( 2 )
4 0 1 2
γ λ λ λ= + +        (8.3) 
  1 ( )
4 0 2
α λ λ= −        (8.4) 
  1 ( 2 )
4 0 1 2
β λ λ λ= − +
    
   (8.5) 
Under loss-free conditions, these three eigenvalues with their unit magnitudes may in 
general be represented by 
  exp0 jλ φ=              (8.6) 
  ( )1exp1 jλ φ φ= +         (8.7) 
  ( )2exp2 jλ φ φ= +        (8.8) 
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where φ  is an arbitrary angle determined by the reference plane. When related to the 
ideal-case matrix entries of Equation (8.1), Equations (8.6)-(8.8) will then become 
  2 00 1 2λ λ λ+ + =        (8.9) 
  00 2λ λ− =                  (8.10) 
  02 40 1 2λ λ λ β− + =                 (8.11) 
An inspection of Equations (8.9)-(8.10) yields 
  1 0λ λ= −                     (8.12) 
  2 0λ λ=                 (8.13) 
which when combined with Equation (8.11) allows us to re-cast Equations (8.6)-(8.8) 
for the ideal-case four-port crossover as  
  00 exp jλ β φ= =                 (8.14) 
  ( )1 exp jλ φ π= +                 (8.15) 
  2 exp jλ φ=                 (8.16) 
To account for first-order departures, we modify Equations (8.14)-(8.16) to  
  ( )exp0 ajλ φ= +Φ                  (8.17) 
  ( )exp1 bjλ φ π= + +Φ                (8.18) 
  ( )exp2 ajλ φ= −Φ                 (8.19) 
where aΦ  and bΦ  should in the ideal case be zero and where φ  depends on the 
location of the reference planes which need not be specified for this first-order 
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analysis. For a reasonably well-designed prototype, we may assume aΦ  and bΦ  to be 
sufficiently small and the substitution of Equations (8.17)-(8.19) into Equations (8.3)-
(8.5) will then yield  
  1 [(cos cos ) ( sin )]
2
j
a b be j
φγ = Φ − Φ + − Φ              (8.20) 




φα = Φ                (8.21) 
  1 [(cos cos ) (sin )]
2
j
a b be j
φβ = Φ + Φ + Φ             (8.22) 
Without any recourse to approximations at this stage, we note from Equations (8.20)-
(8.22) that the scattering-coefficient magnitudes are given by  
  2 21 (1 cos 2cos cos )
4 a a b
γ = + Φ − Φ Φ               (8.23) 
  2 21 (sin )
4 a
α = Φ                 (8.24)
  2 2(1 cos 2cos cos )1
4 a a b
β + Φ + Φ Φ=               (8.25) 
Neglecting the higher-order terms when expanding Equations (8.23)-(8.25), we now 
can reduce these magnitude expressions to 
 
1/ 22 2
21 12 2(1 2 )(1 2 )
2 2 2 2
a b
a bγ
⎡ ⎤Φ Φ⎛ ⎞ ⎛ ⎞≈ −Φ − − − ≈ Φ⎢ ⎥⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
               (8.26) 
 1
2 a
α = Φ                        (8.27) 
  
1/ 2 2 2
2 2 21 2 2(1 2sin )(1 2sin ) 1
2 2 2 4 8
a b a b
aβ Φ Φ Φ Φ⎡ ⎤≈ −Φ + − − ≈ − −⎢ ⎥⎣ ⎦           (8.28) 
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The magnitude expressions in Equations (8.26)-(8.28) led us to infer that γ  and α  
are mutually independent because they are affected by the adjustable parameters 
associated with different eigenmodes. If we choose 0aΦ =  in Equation (8.27), α  
will reduce to zero (i.e., perfect isolation) but γ  may still not be near its ideal-case 
value. Conversely, choosing 0bΦ =  in Equation (8.26) will reduce only γ  to zero 
(i.e., perfect matching). In addition, β  will approach its ideal value of unity (i.e., 
perfect transmission) when we reduce both γ  and α  to zero. In general, we need to 
have at least two independently adjustable variables at our disposal for the design 
process. 
We have additionally derived the first-oder expansion for arg( )β : 





β φ φ− ⎡ ⎤Φ= + ≈ + Φ⎢ ⎥Φ + Φ⎣ ⎦
             (8.29) 
Equations (8.26) and (8.29) indicate that the residual mismatch of a reasonably well-
design crossover will be associated with a corresponding phase lag in its transmission 
coefficient. 
8.2  Optimization Targets  
Like the six-port crossover case in Section 7.2, we need to impose optimization goals 
on the design of the symmetrical four-port coupler so as to ensure that its scattering 
coefficients remain within acceptable limits for four-port crossover application. 
Instead of the less stringent optimization goals (7.36)-(7.39) specified for the six-port 
crossover application in Section 7.3, we have found from empirical trials that it is 
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possible to impose stricter design targets for the return loss, off-line isolation loss and 




dBγ ≤ −                    (8.30) 
  20
dB
dBα ≤ −                   (8.31) 
  1 0
dB
dB dBβ− ≤ ≤                (8.32) 
For the design of such a coupler, we have not found it difficult to adapt the eigenmode 
analysis and optimization process outlined in Chapter 3 and Section 4.2 respectively 
in order for us to tailor the software to search for the minimum of the following error 
function based on (8.30)-(8.32) at sample frequency points kf  over the requisite 
bandwidth: 
 [ ]{ }K 22 2
1
( ) ( ) ( ) 1
k
error k k k
k
f f fF w w wγ α βγ α β
=
=
= + + −∑             (8.33) 
We have already pointed out in Section 8.1 that there must be (at least) two 
independently adjustable variables at our disposal for the design process. In fact, we 
infer from Equations (8.26)-(8.29) that we ought to focus our design optimizations on 
minimizing both γ  and α  since the non-zero residues remaining in these scattering 
coefficients are associated with the first-order departures in the magnitude and phase 
of β from their respective ideal-case values. Hence, the weights wγ , wα  and wβ  we 
attached to the optimization goals have to be empirically adjusted in order to 
accelerate convergence during the iterative search for a suitable four-port crossover 
design. 
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8.3  Prototype Crossover 
The design proposed by de Ronde [12] requires the cross junction to be distorted in 
order to fit within the space enclosed by the single-ring structure. His cross junction, 
in fact, corresponds to the star junction we included for our analysis in Chapter 3 
except that the number of spokes has to be reduced from six to four. However, it has 
been found during the search iterations that the central cross junction is actually not 
required for our finalized design (where the dimensions returned by our optimization 
software are listed in Table 8.1). As depicted in Figure 8.2, a second ring has instead 
been added to de Ronde’s single-ring design. For matching purposes, linear tapers 
(which are also absent in de Ronde’s design) have also been introduced at the six 
arms protruding from the outer ring so as to provide transition to the external 50Ω 
lines.  
Since our analysis in Chapter 3 is specifically for the symmetrical six-port structure, 
we reproduce in detail the eigen-admittance equations which have been specially 
adapted for the four-port crossover design depicted in Figure 8.2. Table 8.1 lists the 
symbols we employed in Equations (8.34)-(8.38) which resemble Equations (6.51)-
(6.56) for the six-port counterpart except that the previous setting of  / 3m mφ π=  for 
the eigenmode phase difference should now be changed to / 2m mφ π=  in the four-
port analysis. 
(a) eigen-admittance when looking into any of the links protruding from the inner ring 
 2 22 2 2 2
2 2
ˆ( ) tanˆ( ) ˆ( ) tan
m ring2 link link
m link2 link link link
link m ring2 link
Y jY




+= ++              (8.34) 
where 
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⎡ ⎤= − +⎢ ⎥⎣ ⎦               (8.35) 
 
(b) eigen-admittance when looking into any port of the double-ring structure 
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                      (8.37) 
 
(c) eigen-admittance when looking into any port of the composite structure 
As explained in sub-Section 3.2.10, each taper may be approximated as a cascade 
of P  fractional steps with the electrical angle of the pth length along the taper 
taken as ( ) pθΔ  and we can thus apply the following formula iteratively: 
 











+ Δ= + Δ              (8.38) 
where the p = 1 term for initiating the iterations is ˆ( )m link2Y  which we already 
derived in Equation (8.37). The term corresponding to the final p P=  iterative 
step in Equation (8.38) will then be the eigen-admittance mˆY  looking into any 
port of the composite coupler structure depicted in Figure 8.2. 




Figure 8.2: Proposed design for symmetrical four-port microstrip coupler 
(with optimized dimensions listed in Table 8.1)  suitable for 
two-way crossover application 
 
Coupler Element Associated Subscript in Equations (8.34)-(8.38) Optimized Dimensions 
inner ring ring2 radius of 619 mil and width of 379 mil 
ring-to-ring links link2 length of 147 mil and width of 136 mil 
outer ring ring1 radius of 1015 mil and width of 119 mil 
links from outer 
ring to tapers link1 
length of 326 mil and width of 
135 mil 
linear tapers p length of 418 mil and width from 58 mil to 135 mil 
50Ω external arms arm width of 58 mil 
substrate – relative permittivity of 10 and height of 62 mil 
Table 8.1: Dimensions of prototype crossover depicted in Figure 8.2 
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Except for the frequency shift between the predicted and measured data for γ , the 
results presented in Figure 8.3 - Figure 8.6 for the scattering coefficients of our 
prototype coupler (which we fabricated in-house) show fairly good agreement 
between the plots generated by our computer model and the measurements taken by 
HP8510C. The measured data from 0.92 GHz to 1.12 GHz confirm that our proposed 
double-ring coupler (Figure 8.2) is able to function as a four-port crossover with a 
bandwidth of 20%.  
In contrast, the measured results reported in [14] for the disc coupler do not even meet 
the (8.30)-(8.32) optimization goals. Crossover behavior has also been observed in 
[89] for the annular-ring coupler but the measured bandwidth is less than 3%. The 
composite four-port coupler formed in [58] by cascading two hybrid couplers has 
been able to meet only the isolation and return-loss specifications over a bandwidth of 
8%. As for the original ring-with-cross design which de Ronde proposed in [12], there 
is a need to introduce major distortions because the ring circumference has to be 
shortened for his microstrip prototype operating over 5.5-7.0 GHz; hence, the ring 
takes the shape of a square instead of a circle and the four arms of the central cross 
junction have to be bent into curved arcs in order to be squeezed into the square 
enclosure. 
8.4  Sensitivity Analysis 
We need to understand why discrepancies occur between the predicted and measured 
data for γ  over the 0.8-1.1 GHz frequency range in Figure 8.3. Our investigations 
have suggested the need for sensitivity analysis to highlight the effects of fabrication 
tolerance.  
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Figure 8.3: Magnitude variation of γ  for prototype crossover depicted in 
Figure 8.2 with dimensions listed in Table 8.1 




















Figure 8.4: Magnitude variation of α  for prototype crossover depicted in 
Figure 8.2 with dimensions listed in Table 8.1  
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Figure 8.5: Magnitude variation of β  for prototype crossover depicted in 
Figure 8.2 with dimensions listed in Table 8.1  
















Figure 8.6: Phase variation of β  for prototype crossover depicted in 
Figure 8.2 with dimensions listed in Table 8.1
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In Table 8.2, incremental changes of ±Δ have been successively introduced into each 
of our prototype coupler’s key dimensions (viz., width and radius of inner ring, width 
and radius of outer ring, as well as width of ring-to-ring links). For each of the five 
dimensions we adjusted, Δ is steadily increased from 0.1 mm (in steps of 0.1 mm) 
until the resultant bandwidth of the coupler falls below 15%. The purpose of such a 
simulation test is to determine the fabrication tolerance that may be allowed before 
the onset of any unacceptable deterioration in the behavior of the scattering 
coefficients. Presented in Figure 8.7 - Figure 8.11 are the sensitivity plots generated 
by our computer model with the maximum permissible variations summarized in 
Table 8.2 for each key dimension of our symmetrical four-port coupler when designed 
to function as a four-port crossover.  
Dimensional Variables Change Freq Range (GHz) 
BW 
(%) 
+0.3 mm  0.90-1.08 18.2 
inner ring radius 
–0.3 mm 0.92-1.08 16.0 
+0.5 mm 0.92-1.10 17.8 
inner ring width 
–0.5 mm 0.92-1.10 17.8 
+0.2 mm 0.90-1.08 18.2 
outer ring radius 
–0.2 mm 0.94-1.12 17.5 
+0.2 mm 0.92-1.10 17.8 
outer ring width 
–0.2 mm 0.92-1.10 17.8 
+0.3 mm 0.94-1.12 17.5 
ring-to-ring link width 
–0.3 mm 0.92-1.08 16.0 
Table 8.2: Effects of incremental changes in dimensions on prototype crossover’s bandwidth 
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(a)           (b) 



















   


















(c)           (d) 
 
Figure 8.7: Variations of (a) |γ |, (b) |α |, (c) |β | and (d) phase of β  for different inner-ring widths:  ×××  +0.5 mm,  +++  –0.5 mm,  ooo  original 
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(a)           (b) 



















   


















(c)           (d) 
Figure 8.8: Variations of (a) |γ |, (b) |α |, (c) |β | and (d) phase of β  for different inner-ring radii:  ×××  +0.3 mm,  +++  –0.3 mm,  ooo  original 
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(c)           (d) 
Figure 8.9: Variations of (a) |γ |, (b) |α |, (c) |β | and (d) phase of β  for different outer-ring widths:  ×××  +0.2 mm,  +++  –0.2 mm,  ooo  original 
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(a)           (b) 



















   


















(c)           (d) 
Figure 8.10: Variations of (a) |γ |, (b) |α |, (c) |β | and (d) phase of β  for different outer-ring radii:  ×××  +0.2 mm,  +++  –0.2 mm,  ooo  original 
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(a)           (b) 



















    


















(c)           (d) 
Figure 8.11: Variations of (a) |γ |, (b) |α |, (c) |β | and (d) phase of β  for different ring-to-ring link widths:  ×××  +0.3 mm,  +++  –0.3 mm,  ooo  original 
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Similar to the earlier findings we obtained during our pilot study in Section 4.3 on the 
symmetrical six-port coupler, it can be inferred from the simulation plots presented in 
Figure 8.7 - Figure 8.11 that the symmetrical four-port coupler we proposed in Figure 
8.2 and Table 8.1 should be insensitive to fabrication tolerance up to ±0.2 mm with 
the bandwidth remaining at 20%. Even for incremental variations between ±0.2 mm 
and ±0.5 mm, the bandwidth of our proposed coupler still does not fall below 16%. 
Among the five key dimensions included in our simulation tests, our four-port 
crossover design is particularly sensitive to changes in the width and radius of its 
outer ring but it is least sensitive to any change in the width of its inner ring. Among 
the three scattering coefficients, γ  appears to be the most sensitive to dimension 
variations while β  is clearly the least sensitive even for fabrication tolerances up to 
±0.5 mm. 
8.5  Summary  
Instead of resorting to non-planar crossover structures (such as air-bridge and under-
pass crossings), we have proposed a symmetrical four-port microstrip coupler (based 
on the double-ring structure and linear tapers) that is able to function as a planar four-
port crossover over a 20% bandwidth (from 0.92 GHz to 1.12 GHz) with in-line 
insertion loss less than 1 dB and off-line isolation and return loss better than the usual 
20 dB limits. With reduced structural complexity, this four-port prototype is less 
sensitive to incremental changes of ±0.2 mm in its physical dimensions when 
compared with its six-port counterpart in Chapter 7. 
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Chapter 9 Conclusions 
 
9.1  Principal Findings 
We have attained the various objectives set out at the inception of our research. 
Summarized below are our principal findings/achievements during the course of the 
investigations: 
● We have successfully developed in Chapter 3 an easy-to-use computer model 
for the analysis and design of symmetrical six-port microstrip couplers in 
Chapters 5-7. Transmission-line analysis has been utilized to derive closed-
form expressions which we systematically compiled for a diversity of coupler 
structures when operating in various eigenmodes. The fabrication of selected 
prototypes for laboratory measurements has allowed us to verify the accuracy 
of the numerical results generated by our computer model which we have 
since found to be flexible enough for extension (after some minor adaptation) 
to the analysis and design of symmetrical four-port microstrip couplers in 
Chapter 8. 
● The special properties of the symmetrical four- and six-port couplers suggest 
the possibility of various applications as discussed in Section 2.1. For each of 
the selected applications, the first-order analysis we performed (prior to the 
design process) has provided us with valuable insight into the behavior of a 
reasonably good coupler design that still manifests some minor departures 
from the ideal case. We have utilized these first-order findings to help steer the 
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design optimization iterations in order to search for suitable prototypes in 
Chapters 5-8.  
● Resembling a six-port directional coupler, the symmetrical six-port coupler we 
analyzed and designed in Chapter 5 has met our optimization targets for six-
port reflectometer application. The results we obtained from the intermediate 
designs explored in Section 5.3 have shown that it is possible to increase the 
coupler’s bandwidth via structural modifications. We note from the measured 
scattering-coefficient data, which agree with the corresponding plots generated 
by our computer model, that our final prototype yields a bandwidth of 49% 
which (to the best of our knowledge) is the widest that has been reported thus 
far.  
● In contrast to the simple design with a bandwidth of only 10% reported by 
Riblet and Hansson [24], the second symmetrical six-port coupler which we 
analyzed and designed has been found in Chapter 6 to be suitable for five-way 
power division/combination over a wider bandwidth of 36%. Prototype tests 
have confirmed that there is excellent agreement between the predicted and 
measured results. It is also possible for us to adapt the optimization process to 
design couplers that meet other power division/combination specifications 
instead. 
● Yet another application is the third symmetrical six-port coupler we analyzed 
and designed to function as a six-port crossover (which, to the best of our 
knowledge, is the first planar component to be ever proposed for three-way 
crossover application). The bandwidth we measured for this novel prototype is 
only 6%; actually, the predicted results presented in Section 7.3 indicate that it 
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should be possible for us to obtain a wider bandwidth for such a design (if not 
for the deviation between the predicted and measured results near the design 
frequency). 
● It should be easier to design symmetrical four-port couplers because of their 
reduced structural complexity. Extending beyond the six-port crossover design 
attempted in Chapter 7, we have also analyzed and designed in Chapter 8 a 
four-port crossover with a measured bandwidth of 20%. The sensitivity test 
results indicate that this four-port prototype is less sensitive to incremental 
changes of ±0.2 mm in its main physical dimensions than for its six-port 
counterpart.  
Apart from our N = 6 and N = 4 prototypes (reported in Chapters 5-7 and Chapter 8 
respectively), we would like to point out that our computer model can be readily 
adapted for the analysis and design of other symmetrical N-port couplers (especially 
for N ≥ 7).  
9.2  Suggestions for Future Work 
We would like to offer the following suggestions for future work that may be of 
interest to other researchers: 
● The accuracy of the numerical results generated by our computer model is 
limited by the validity of the two assumptions in Section 3.2 which we had to 
incorporate during our transmission-line formulation to derive the eigenmode 
expressions. It would be helpful if these two assumptions may be dispensed 
but the computational speed of the resulting model (which has to be embedded 
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within the design optimization software) should not be delayed due to number-
crunching. 
● It is also possible to expand the diversity of coupler options available for 
designers by including, for example, third and even fourth rings, stubs on rings, 
or lumped capacitances/inductances. The concern, however, is that increasing 
the prototype’s structural complexity may lead to a deterioration of numerical 
accuracies. 
● We have designed, fabricated and tested prototypes implemented in microstrip. 
It should also be possible to extend the general analysis in Chapter 3 to other 
implementations such as stripline and coplanar waveguide. Some adaptation 
may be required for certain analytical expressions derived for our microstrip 
prototypes.  
● Although useful for our computer-aided design efforts in Chapters 5-8, the 
frequency-domain analysis in Chapter 3 does not offer much insight into the 
relative contribution of every constituent part of the coupler to its overall 
performance characteristics. We suggest that time-domain simulations should 
additionally be performed in order to track the behavior of a wave that enters 
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